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Abstract 
Antarctica has been occupied by humans for only 115 years and is considered 
the last pristine continent, but human impact is steadily increasing. An international 
treaty, the Madrid Protocol, is in force to minimise impacts of human activities on 
the Antarctic environment, although these measures may not adequately reduce 
impacts by permitting the release of untreated wastewater by many research stations. 
Australia’s Davis station has released untreated, macerated wastewater into the near-
shore marine environment since 2005. In order to assess potential impacts and 
dissemination of wastewater-associated microorganisms from untreated sewage 
release by Davis station, the faecal indicator bacteria enterococci were isolated from 
water, sediment and animal faecal samples, identified, tested for antibiotic resistance 
and finally sequenced. Fifty-nine Enterococcus isolates were identified 
phenotypically, using growth morphology on mEI and mE agar and carbohydrate 
utilisation tests, as a range of species including Enterococcus faecalis, E. durans, E. 
dispar, E. hirae, E. casseliflavus and E. casseliflavus subsp. flavescens, whereas 
genotypic 16S rRNA and phenylalanyl t-RNA synthase (pheS) gene sequencing 
indicated two species; E. faecalis and E. faecium. Comparison of the two methods 
found the phenotypic method accurate for presumptive enterococci isolation but 
inadequate for environmental isolate identification to species level. Enterococcus 
faecalis only was detected in Antarctic macrofauna scats (penguin, seal) and marine 
sediment. All E. faecalis isolates had high sequence similarity (98-100%), indicating 
that possibly only a few E. faecalis strains are present in this environment. No 
genotypic difference was found between E. faecalis isolates from wastewater-
impacted sites and animal faeces. 
The same fifty-nine Enterococcus isolates were examined for antibiotic 
resistance genes, particularly vancomycin (Van-) resistance, the dissemination of 
which is a major global concern. Seventeen isolates (29%) were resistant to one, two 
or three antibiotics (vancomycin, teicoplanin and ampicillin). Ten isolates (17%) 
were highly Van-resistant with a multidrug-resistant phenotype, yet no genes 
conferring high-level Van-resistance were detected by PCR, although three of the ten 
isolates encoded the low-level Van-resistance gene VanC4. This population of Van-
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resistant enterococci were present despite the absence of vancomycin or other 
glycopeptide use at Davis station and isolation of staff for a period of two months 
prior to sampling. Four E. faecalis isolates, two from contaminated (Van-resistant) 
and two from uncontaminated areas (Van-susceptible), were sequenced for genome 
analysis to investigate antibiotic resistance genes relationship to Van-resistance 
phenotype, and virulence genes. The genomes of the two isolates from contaminated 
areas (<50 m from outfall) with highly Van-resistant phenotypes were found 
structurally similar to the genome of pathogenic E. faecalis V583, while the two 
vancomycin-susceptible isolates from uncontaminated areas were similar in structure 
to commensal human E. faecalis strains. Despite differences in genome structure and 
antibiotic resistance phenotypes, all four isolates encoded similar virulence and 
resistance genes. However, high-level vancomycin and ampicillin resistance genes 
are highly likely attributed to human activity and sewage release from Davis station, 
despite extended spatial and temporal isolation from glycopeptide use, indicating that 
vancomycin resistance may be maintained in human populations in the absence of 
selective pressure. In conclusion, data presented in this thesis indicate that untreated 
wastewater release from Davis station does indeed have an impact on the Antarctic 
environment via microorganism and genetic element introduction. 
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Chapter 1: Introduction and Literature 
Review 
1.1 BACKGROUND 
Antarctica is often referred to as the last pristine continent, while the Antarctic 
Ocean is considered least impacted by human activity owing to its physical isolation, 
extreme climate and the Antarctic Circumpolar Current (Aronson et al., 2011, Cowan 
et al., 2011). Human occupation of the continent over the past 115 years has meant 
that isolation has largely come to an end. Direct pollution release by human activity 
on the Antarctic continent causes negative impacts in the vicinity of the pollution 
release. As research stations and associated sites are the only permanently and semi-
permanently inhabited structures, their locations are the most studied for 
anthropogenic environmental impact. A station’s population, treatment method and, 
if waste is released into the environment, dilution and dispersion of waste, determine 
the extent of contamination surrounding these stations. The impacts of sewage 
release tend to be localised but further reductions are needed due to observations of 
significant impacts, such as those observed at McMurdo, Dumont d’Urville and 
Davis stations (Aronson et al., 2011, Delille and Delille, 2000, Lisle et al., 2004, 
Stark et al., Unpublished Report). Sewage release mainly occurs in marine 
environments and consequently directly affects marine organisms (Cowan et al., 
2011). In fact, increasingly polluted sediments have caused exposed marine 
invertebrates to display increased mortality and avoidance of these sediments and 
areas (Lenihan et al., 1995). In addition to affecting the macrofauna, sewage release 
introduces microorganisms into the marine environment, where indigenous 
microorganisms play an important part in food webs, thereby presenting a 
considerable impact on the Antarctic marine environment. 
To regulate activities and minimise human impacts on the continent the Madrid 
Protocol (Protocol on Environmental Protection to the Antarctic Treaty) has been 
signed by all nations conducting research and other operations in the Antarctic. 
Regulations, however, do not extend to disinfection and treatment of sewage and 
wastewater. The release of untreated sewage is permitted under the Madrid Protocol 
 2  Chapter 1: Introduction and Literature Review 
into marine environments where conditions exist to facilitate dissemination of 
material. The risks posed to native Antarctic microorganisms and wildlife by the 
dissemination and persistence of these microorganisms are currently unknown. A 
need has therefore arisen to determine the spread and pathogenicity of 
microorganisms in Antarctic waters from the release of sewage effluent. 
Australia’s Davis station, a large research station with a summer population of 
up to 120 individuals situated in the Vestfold Hills, Antarctica, has been releasing 
untreated, macerated wastewater into the near-shore environment since the treatment 
infrastructure failed in 2005. In order to determine impacts on the marine 
environment in the vicinity of the station, divers collected sediment core, water and 
wildlife faecal samples in 2010. Wastewater samples were also collected from all 
stages of the discharge process, with the aim to assess environmental impact, 
summarised by Stark et al. (Unpublished Report, Stark et al., 2011). Building on the 
previous assessment, enterococci were isolated to determine pathogenicity and 
dissemination of potentially pathogenic microorganisms. 
1.2 HISTORY OF HUMAN LIFE IN ANTARCTICA AND WASTE DISPOSAL 
PRACTICES 
The first human settlement in Antarctica began in 1899 with the arrival of the 
Southern Cross expedition at Cape Adare. This expedition brought with them 75 sled 
dogs in the service of 10 men. They were the beginning of a steady succession of 
exploratory expeditions, all of which brought animals for food and service. Human, 
animal wastes and carcasses were discarded within easy access of local wildlife and 
without regulation of possible introduction of foreign microorganisms (Kerry and 
Riddle, 2009). 
Following the success of the International Geophysical Year of 1957-1958, 
interest in Antarctica by many nations heightened substantially. Waste dumping 
practices continued unchecked until 1964 with the formulation of the Agreed 
Measures for the Conservation of Antarctic Flora and Fauna (Agreed Measures) 
during the third Antarctic Treaty Consultative Meeting, following the formation of 
the Antarctic Treaty in 1961. These Agreed Measures came into force in 1982. The 
most recent agreement on the management and protection of the Antarctic 
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environment is the Protocol on Environmental Protection to the Antarctic Treaty 
(Madrid Protocol), 1991. It entered into force in 1998 (Kerry and Riddle, 2009). 
The Madrid Protocol has an important exemption, which allows the release of 
untreated sewage effluent because sewage treatment was not viable for many 
operators or stations at the time. Sewage disposal is the only regular activity 
undertaken in Antarctica that releases large numbers of potentially non-native and 
pathogenic microorganisms. Monitoring of sewage dispersal is not a requirement 
under the Madrid Protocol, although analysis of dispersal, dilution and 
environmental impacts are desirable. When the Madrid Protocol was agreed, it was 
not widely recognised what risks sewage may pose in disease transmission to 
wildlife (Smith and Riddle, 2009). There is no direct enforcement of the Madrid  
Protocol; adherence to the guidelines varies among Antarctic operators (Aronson et 
al., 2011), with reports that less than half (48%) of the 71 research stations operating 
in Antarctica have some form of wastewater treatment (Gröndahl et al., 2009). 
Furthermore, stations that utilise maceration (grinding of sewage solids) from 
holding tanks that do not discharge completely may create permanent reservoirs and 
increase the microbial levels if not flushed regularly, by retaining a population of 
microorganisms and continually adding nutrients (Hughes and Blenkharn, 2003). It is 
likely that stations operating treatment infrastructure are still not treating wastewater 
effectively (Gröndahl et al., 2009), due to logistical constraints, technical and 
financial, experienced in Antarctica. As sewage is the only large scale waste whose 
release is still permitted, it is an intentional release of human-associated 
microorganisms into the Antarctic environment, which may constitute the 
introduction of novel microorganisms and genetic elements in this environment. It is 
not yet known whether wastewater microorganisms are in fact foreign to the 
Antarctic environment or what may constitute a foreign population. 
A set of minimum standards for the treatment and disposal of sewage and food 
wastes were introduced with the Madrid Protocol. As a result, food and kitchen 
wastes (especially poultry) are removed separately to sewage in most Australian 
research stations. Davis station, Australia’s most southern Antarctic research station, 
had its rotary biological contactor (secondary treatment infrastructure) 
decommissioned in 2005 following difficulties with the infrastructure. Solids and 
sludge are separated by maceration from the aqueous phase then shipped from Davis 
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station, while the liquid fraction is discharged untreated directly onto the near shore 
environment (Figure 1.1). Many research stations in Antarctica still use only primary 
treatment prior to discharge of the effluent into the Antarctic environment (Gröndahl 
et al., 2009). Sewage treatment is classified by levels; primary, secondary and 
tertiary, which remove large materials, nutrients and pathogens depending on the 
level. Primary treatment involves physical separation of particulates and large 
material from the liquid fraction. Secondary treatment reduces organic nutrient and 
pathogenic load by aerobic and anaerobic processes, while tertiary treatment further 
reduces levels of pathogens, nutrients and suspended solids (Smith and Riddle, 
2009). Simple sewage treatment processes help to reduce suspended solids prior to 
discharge, for example, settling of suspended solids (Smith and Riddle, 2009). 
 
 
Figure 1.1 The sewage outfall pipe at Davis station. Courtesy of James Smith, 2010. 
1.3 CONDITIONS AROUND DAVIS STATION 
Davis station is a permanent research station on the East coast of Antarctica. It 
is situated within Prydz bay on the Ingrid Christensen coast of Princess Elizabeth 
Land (Australian Antarctic Division, 2011). Wastewater is discharged onto the near-
shore environment, consisting of rocky shore or water depending on tide. Water in 
the vicinity of Davis is shallow, ranging from 2 to 40 m deep, and consists of open 
coast, semi-open coast, water protected by islands, and sheltered marine 
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embayments. Sea-ice cover varies with season; from almost no cover in summer 
months to complete cover up to and including the rocky shore in winter months. As 
the sewage outfall pipe is heated to prevent freezing (Michelle Power, personal 
communication), a hole is formed in the winter ice underneath the pipe as released 
sewage effluent melts through the ice at the intertidal zone, where it accumulates in 
the shallow water underneath the ice layer (Stark et al., Unpublished Report, Statham 
and McMeekin, 1994). 
Conditions around the sewage outfall pipe (up to and including two kilometres 
away) include shallow fine to coarse sediments, shallow rocky reefs, macro algal 
beds and hard and soft substrata, all within shallow waters. Common macrofauna 
include Weddell seals, penguins and elephant seals (Stark et al., Unpublished 
Report). Davis station and Prydz bay can be seen in Figure 1.2 and Figure 1.3 below. 
 
Figure 1.2. Davis station and sampling sites (water in red and sediment in yellow). Courtesy of James 
Smith, 2010. 
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Figure 1.3. Davis Station and Prydz Bay. Image looking NE towards Davis station from the peninsula. 
Courtesy of James Smith, 2010. 
There are eight wastewater holding tanks at Davis station, one for each 
building. These discharge into pipes, which in turn discharge to the outfall pipe. 
Depending on the level of use for each building, the tanks may have long retention 
times (days to weeks). Effluent may also sit for long periods in the pipes on the way 
to the outfall pipe. This can lead to anoxic conditions and toxin production within the 
waste, which lead to the failure of the secondary treatment infrastructure. As a result 
of long retention times, effluent is discharged intermittently onto the intertidal zone, 
most often following meal time preparation and cleaning (Stark et al., Unpublished 
Report). 
1.4 MICROBIAL SURVIVAL IN MARINE SEDIMENT 
Bacterial survival in sediment and overlying water is governed by temperature, 
solar radiation, pH, salinity, predation, competition, heavy metals, organic content 
and sediment grain size (Byappanahalli et al., 2006, Pote et al., 2009, Davies et al., 
1995, Rozen and Belkin, 2001). The composition of sediments, especially organic 
content, has the greatest impact on bacterial survival (Pote et al., 2009). The survival 
of bacteria introduced to sediments, including pathogens and faecal indicator 
bacteria, are important for environmental impact monitoring, in which faecal 
indicators are enumerated to assess faecal contamination and potential for infection 
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to humans. Faecal indicator bacteria will assimilate nutrients in sediment, facilitating 
survival following introduction. Faecal indicators have been shown to survive and 
multiply more readily in sediment than the overlying water (Pote et al., 2009). 
Sediments may harbour 100 to 1000 times the population of bacteria compared to 
that of the overlying water (Davies et al., 1995, Pote et al., 2009, Obiri-Danso and 
Jones, 1999, Miura et al., 2011). Once introduced, faecal bacteria, such as 
Escherichia coli, Enterococcus spp., Campylobacter jejuni and Salmonella spp. can 
persist and potentially multiply in sediments in many locations (Obiri-Danso and 
Jones, 1999). Faecal bacteria introduced to marine sediment in Antarctica may also 
persist and potentially multiply.  
Faecal coliforms and possibly faecal streptococci have the potential to rapidly 
multiply and persist in sediments in the absence of predation (Davies et al., 1995), 
although this trait may be present in specific strains only (Michelle Power, personal 
communication). The accumulation of faecal bacteria in sediment is attributed to 
their attachment to larger particles in the water column, which then settle out. 
Bacteria adsorbed (adhered) to sediment may be sheltered from the adverse effects of 
UV, salinity, heavy metals and bacteriophages (Davies et al., 1995). 
Sediments rarely remain static as currents, animal and human activities often 
cause disturbance to marine sediments, which can release large numbers of 
pathogens into the water column (Miura et al., 2011). Common examples include 
increased water flow from rain events and recreational use of water, which disturb 
river sediments and release faecal bacteria into the water in river systems (Obiri-
Danso and Jones, 1999). Wind-mediated wave patterns and tide can also influence 
numbers of enterococci at marine shorelines (Hendricks et al., 2004). Wind and wave 
patterns, activity of boats and wildlife in the shallow water surrounding the Davis 
station outfall pipe may disturb marine sediments and release potentially harmful 
microorganisms.  
The majority of bacterial biomass in the environment is thought to exist 
encased in biofilms (De Kievit, 2009). Biofilms are ever present in aquatic 
environments occurring on sediments, rocks, plants etc. Biofilms consist of water 
(97%) and a heterogeneous matrix of excreted compounds including proteins, nucleic 
acids, lipids and polysaccharides (Searcy et al., 2006, Beloin et al., 2008, De Kievit, 
2009). They can also contain adsorbed nutrients and metabolites (Beloin et al., 
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2008). Biofilms are known to act as reservoirs of pathogenic microorganisms and can 
readily assimilate microorganisms from the water column (Searcy et al., 2006). 
Biofilms confer a greater tolerance to stress, biocides and antibiotics to 
microorganisms sheltered within (Beloin et al., 2008). The presence of biofilms has 
been shown to enhance the survival of Campylobacter jejuni significantly, possibly 
by modulating oxidative stress on the pathogen (Buswell et al., 1998). Thus, biofilms 
can act as environmental reservoirs of pathogenic organisms and if present in 
Antarctic marine sediments naturally or through introduction in untreated sewage, 
have the potential to be a constant source of pathogenic microorganisms. 
Biofilm formation-promoting genes may give enteric bacteria that harbour 
them an advantage in survival and retention in the digestive tracts of animals and aid 
in antibiotic resistance (Macovei et al., 2009, Kearse et al., 2012). Enterococcus 
species, including E. hirae, E. faecium, E. casseliflavus, E. casseliflavus and E. 
saccharolyticus are commonly able to produce biofilms and available data suggests 
that there is a higher prevalence of biofilm formation from clinical isolates than 
faecal isolates (Macovei et al., 2009). Prolific biofilm formation activity coupled 
with the protective effects of sediment may greatly enhance the survival and 
retention of faecal microorganisms once released into Antarctic sediments and 
waters. 
1.4.1 Microbial Survival in Antarctica 
An important difference between chemical and biological contaminants 
(microorganisms) is that microorganisms have the potential to reproduce or replicate 
after discharge into the environment (Smith and Riddle, 2009). Once released, 
bacteria can potentially establish colonies and grow in the Antarctic environment; an 
environmental impact that would not be permitted without the exception for waste 
disposal in the Madrid Protocol. 
Faecal bacteria in marine waters can be inactivated by sunlight, osmotic stress, 
hydrostatic pressure, heavy metals, temperature, competition for nutrients, lysis by 
bacteriophage and aggregation and adsorption to particulate matter (Barcina, 1990, 
Fujioka et al., 1981, Smith et al., 1994). This is commonly referred to as natural 
attenuation. Enteric bacteria have been shown to survive for many days in Antarctic 
conditions despite natural attenuation processes (Smith et al., 1994). However, 
pathogens other than enteric and urogenital organisms may be introduced to sewage 
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systems by infected materials discarded into wastewater, and by washing and bathing 
(Smith and Riddle, 2009). Little is known on the survival characteristics of non-
enteric normal flora and pathogens in Antarctica. 
Inactivation of faecal bacteria in the Antarctic is likely to happen faster in 
summer than in winter, as time of exposure to solar radiation and temperature are 
prolonged and more extreme. Lower wavelengths of light, 290nm and greater, have 
been found to cause the fastest die-off for E. coli and Salmonella zanzibar (Statham 
and McMeekin, 1994). Filtering and treatment, as well as avoiding large, intermittent 
discharges, such as occurs at Davis station, will also help inactivate faecal bacteria 
faster as these processes reduce the amount of particulate material that can block UV 
(Smith and Riddle, 2009). Sewage discharged at the sea surface or near shore 
environments maximise the amount of sunlight exposure and reduce the likelihood of 
prolonged survival of introduced bacteria (Statham and McMeekin, 1994). 
In addition to inactivation by UV, sunlight exposure can lead to bactericidal 
effects by creating reactive oxygen species (ROS), such as H2O2, from water (Rozen 
and Belkin, 2001). This effect may be increased by the high oxygen saturation of the 
upper layer of the Southern Ocean (near 100%) (Hendricks et al., 2004), resulting in 
potentially rapid inactivation of introduced bacteria in the Antarctic marine 
environment. Dissolved organic material and particulate matter, in contrast, may 
protect enteric bacteria from light exposure-related die-off by absorbing some 
wavelengths and shielding them from ROS (Rozen and Belkin, 2001). Sewage 
discharges introduce dissolved organic material, particulate matter and enteric 
bacteria into the environment. In addition, Enterococcus faecalis has high tolerance 
to oxidative stress induced by high H2O2 concentration, and exposure to NaCl (6.5%) 
also has a small protective effect (Snieszko, 1974). The survival of enteric bacteria 
exposed to ROS is also affected by growth phase; cells in stationary phase tend to be 
more resistant to sunlight exposure and oxidative stress (Rozen and Belkin, 2001). 
Hence, bactericidal effects are likely maximised in summer months and minimised in 
the dark winter months in Antarctica. 
In contrast to sunlight exposure, low temperatures in marine waters around 
Antarctica promote the survival of introduced bacteria (Smith et al., 1994). The 
degradation of organic components in sewage is also slowed at low temperatures 
(Edwards et al., 1998, Howington et al., 1994). Isolates of Campolybacter jejuni, a 
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common enteric and pathogenic microorganism, have been shown to survive for 
longer periods in biofilms at 4oC than 10oC, 20oC and 30oC (Buswell et al., 1998). 
Enteric bacterial persistence at low temperatures has also been demonstrated in 
Antarctica. Smith and colleagues (1994) have shown that select enteric pathogens 
and indicator bacteria can survive in a viable but non-culturable state for at least 56 
days in Antarctic conditions. They showed that allochthonous bacteria can quickly 
become sub-lethally injured and enter a viable but non-culturable state upon 
exposure to the Antarctic marine environment (Smith et al., 1994). This indicates that 
culture techniques likely underestimate the numbers of viable cells in faecal 
contamination in Antarctica. In the same study, the input of nutrients into 
populations of sub-lethally injured enteric organisms in Antarctic conditions caused a 
large increase in respiration activity, demonstrating that nutrient availability, rather 
than temperature, has the greatest impact on enteric bacterial survival in Antarctic 
waters (Smith et al., 1994). Enteric bacteria exposed to extremely cold conditions 
undergo physiological changes that aid their survival and growth at low 
temperatures, but decrease their ability to grow at higher temperatures, such as 37oC 
(Smith et al., 1994). It is not known whether virulence is affected. 
Untreated wastewater contains a high bacterial load and diversity. Wastewater 
can contain much greater diversity of microorganisms than surface waters 
(Kümmerer, 2009). The culturable fraction of wastewater can have a heterotrophic 
plate count of greater than 109 to 1010 colony forming units per millilitre but typically 
contain 105 to 107 colony forming units per millimetre (Stark et al., Unpublished 
Report). Untreated sewage with high diversity may contain organisms adaptable to 
Antarctic conditions. High diversity promotes rapid adaptation to changing 
conditions, such as release into the Antarctic marine environment, and adaptation 
time for a population is short relative to a lower diversity population. Treated 
wastewater with a lower diversity is less likely to contain adaptable organisms 
(Kümmerer, 2009). Most domestic wastewater-associated introduced species are 
likely mesophilic (such as sewage-derived Enterobacteriaceae, which grow between 
0 and 40°C, with maximum growth rate around 35°C (Rozen and Belkin, 2001), and 
would be outcompeted by extant, cold-adapted microorganisms, termed 
psychrophiles (growth range from <0°C to 20°C) and psychrotrophs (growth range 
from <0°C to <30°C) in Antarctica (Miller et al., 2009). Antarctic surface waters 
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contain indigenous microbiota that are often specialised and slow growing. However, 
micro-environments can exist that may favour mesophilic over psychrophilic 
microorganisms. Examples have already been observed with the growth of temperate 
fungi and grasses in Antarctica (Cowan et al., 2011). It is not known whether 
microenvironments exist that may favour introduced mesophilic bacteria. While it is 
theoretically possible and has been observed in the short term, it is considered 
unlikely that anthropogenic microorganisms could establish viable, permanent 
populations in Antarctica (Cowan et al., 2011). 
The extent of contamination of Antarctic microbial communities by human 
activities is not well understood (Baker et al., 2003). As a result it is difficult to 
quantify the impacts of non-indigenous microorganisms. However, it is already 
known that humans consistently release microorganisms, and with increases in 
tourism, terrestrial as well as marine environments are likely to be negatively 
impacted. 
Studies have demonstrated that Antarctica’s climate facilitates the persistence 
of human faecal bacteria such as enterococci in marine sediment (Smith and 
Howington, 1993, Smith et al., 1994, Statham and McMeekin, 1994), but little is 
known on the maximum duration of survival (Smith and Riddle, 2009, Smith et al., 
1994). Studies on the duration of persistence and dissemination of pathogens and 
associated microorganisms in the Antarctic environment are required for adequate 
assessment of the risk to humans and wildlife. 
1.5 WASTEWATER DISPERSION AND DISSEMINATION IN ANTARCTICA 
Until the challenge of effective wastewater treatment in Antarctica is 
overcome, wastewater release can introduce pathogenic microorganisms, fungi, 
organic material from food, faecal matter, chemicals, heavy metals, hydrocarbons 
and other contaminants (Aronson et al., 2011). Its release can have multi-faceted 
impacts ranging from chemicals toxic to wildlife; depletion of O2 by microbial 
blooms, and increase in turbidity, blocking light and reducing or increasing feeding 
abilities (Aronson et al., 2011, Smith and Riddle, 2009) in conditions limiting 
dispersal. 
Differences between the populations and activities (mostly indoor life) of 
Antarctica and the rest of the world mean disease presence and transmission is likely 
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to be different in Antarctica. A study of pathogen transmission in confined 
environments found high prevalence of antibiotic resistant Staphyloccoccus and 
Enterococcus isolates in the Concordia research station, suggesting disease treatment 
in confined areas may be difficult (Schiwon et al., 2013). Microbial diversity is 
significantly lower indoors without continuous ventilation and input of air from the 
environment (Kembel et al., 2012). Numbers of airborne human commensals and 
pathogens can be increased in these conditions, potentially facilitating their spread 
throughout a station’s staff. Residents of research stations are disease free before 
travel to Antarctica, but still harbour potentially pathogenic bacteria, viruses and also 
pharmaceutical drugs and prescription medicines that inevitably are released with 
sewage effluent (Carlson and Leiser, 1966, Hyland et al., 2005, Hignite and 
Azarnoff, 1977). 
The dispersal of faecal coliforms and other contaminants from a sewage outlet 
is restricted when emptied onto sea-ice or foreshore compared to submerged outlets 
(Smith and Riddle, 2009). Sewage discharge in the marine environment in Antarctica 
is only permitted due to greater mixing and dispersion potential. The majority of 
biological activity in Antarctica takes place in the marine rather than the terrestrial 
environment, so sewage introduced to the marine environment may have the greatest 
impact and is a greater concern (Smith and Riddle, 2009). 
1.5.1 Wastewater Dissemination from Davis Station 
Wastewater from Davis station is discharged onto the near-shore marine 
environment not far from the station. The outfall pipe is situated on the southern side 
of Davis wharf, a small peninsula used as a boat launching and receiving area. The 
pipe itself is at approximately the high tide mark. Released sewage predominantly 
flows to the south, with the prevailing tide (see Figure 1.4 below). This is during 
both rising and falling tides. Some effluent is distributed north by eddies created by 
the current as it is redirected by the wharf, which blocks the current from directly 
influencing water at the discharge point and reduces sewage dissemination  (Stark et 
al., Unpublished Report). In winter months, sea ice cover extends from the rocky 
shore into the bay area. The near-shore environment upon which sewage is 
discharged becomes covered in ice, which the sewage effluent melts through. As a 
hole is melted through the winter ice the sewage concentrates under the ice, limiting 
dispersion of faecal microorganisms and waste chemicals compared to dispersion in 
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summer months. Microorganisms released with the sewage are likely protected from 
the minimal solar radiation in the Antarctic winter (Statham and McMeekin, 1994). 
During summer and winter months, human and wildlife activity are concentrated in 
the area receiving sewage despite monitoring studies highlighting this issue. 
 
Figure 1.4. The Graham Cook Outfall Line and discharge pipe at Davis station. Courtesy of James 
Smith, 2010. 
Studies have been conducted at Davis station since 1989 to monitor faecal 
bacteria introduced to the marine environment, providing data for prior, during and 
post sewage treatment infrastructure installation and decommission (Statham and 
McMeekin, 1994). In one such study, Stark and colleagues (Unpublished Report) 
detected faecal enterococci in water 1-1.5km to the south, 1-1.25km to the north and 
50-100m west from the Davis station discharge point (Figure 1.5). Samples included 
water and marine sediment from similar habitats both north and south of the outfall. 
The highest concentrations of E. coli and enterococci were found during the rising 
tide. They were enumerated at 103-106colony forming units (cfu) /100mL within 25m 
from the discharge point. These data were collected utilising bacterial culture 
techniques and isolated enterococci were further investigated in this research project. 
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Figure 1.5. Concentration of enterococci released in wastewater from Davis station. Study was 
conducted and image generated by Dr James Smith (2010). 
Chemical indicators and pollutants have also been observed in the Davis 
station wastewater and subsequently the marine environment. Surfactants (commonly 
sodium dodecyl sulphate) were observed in most cleaning agents in the station and in 
the wastewater, which formed a ‘slick’ extending into the bay from the discharge 
point (Stark et al., Unpublished Report) (Figure 1.6). Human faecal contamination 
was detected in sediment to a radius of 1km from the outfall by detecting 24-
ethylocoprostanol, a faecal sterol excreted by humans, which was also detected to 
1.4km to the south, the direction of the current flow (Stark et al., Unpublished 
Report). 
 Chapter 1: Introduction and Literature Review  15 
 
Figure 1.6. Davis wharf and Davis beach. A ‘slick’ (circled in red) is visible extending from the 
discharge pipe (red ‘D’). Courtesy of James Smith, 2010. 
Stark and colleagues (Unpublished Report, Stark et al., 2011) found no 
evidence of an impact on epibiotic communities, situated on the sea bed, consisting 
of large invertebrates and macroalgae. Epibiotic communities are known to be good 
indicators of human contamination. However, acute toxicity tests performed with the 
amphipod Paramoera walkeri and microgastropod Skenella paludionoides, key local 
invertebrates in Antarctica, found that discharged effluent is toxic to these organisms. 
The minimum dilution required for an absence of short term (24 hour) effects was 
found to be 25%. Predicted protection values are a minimum of 14% dilution of 
wastewater for 99% of marine populations to be protected (Stark et al., Unpublished 
Report, Stark et al., 2011). A high level of dispersal of wastewater is therefore 
required to minimise short and long term impacts on Antarctic wildlife. Further 
investigation is required to determine whether dispersion of wastewater in the 
vicinity of Davis station meets these minimum standards. 
Histopathological analysis of major tissues of fish showed more extensive and 
severe disease in fish collected adjacent to Davis wastewater discharge than other 
sites around the station. The study by Stark and colleagues (Unpublished Report) has 
highlighted that discharged wastewater is toxic to marine invertebrates, even at low 
concentrations. The long term impacts are as yet unknown.  
Microbial contamination can also be spread through bioaerosol formation and 
aeolian transport, which are especially important for raised discharge pipes, such as 
D
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that at Davis station. A raised pipe maximises potential aerosol formation, released 
as water droplets, which can be released into the air at every source-air interface. 
Bioaerosols have been detected up to 300 m downwind and 30 m upwind of the 
discharge pipe at Davis station by Stark et al. (Unpublished Report). Wind speeds at 
the time of sampling ranged from a strong breeze to moderate gale-force. Culturable 
E. coli were distributed in numbers between 1 and 50cfu/m2/min from 50m 
downwind to 25m upwind. Faecal enterococci were detected up to 300m downwind 
though at higher concentrations up to 200m (10-100cfu/m2/min) downwind. E. coli, 
enterococci, fungi and total coliforms were below the detection limit within Davis 
station and upwind/downwind from the station (inland from the discharge point). E. 
coli and faecal enterococci were found at levels above 100cfu/m2/min within 10m of 
the discharge pipe. Macerated wastewater containing human waste, such as 
wastewater released from Davis station, is comparable to primary screening, or 
aeration and/or settling municipal wastewater with regard to bioaerosol formation. 
These values are typically 10-500cfu/m3 (Stark et al., Unpublished Report). 
Coastal areas of Antarctica are subject to periodic high velocity winds that can 
transport large volumes of sediments and propagules (Cowan et al., 2011). Few 
studies so far have reported aeolian transport of non-indigenous microorganisms 
(Hughes and Convey, 2010, Pearce et al., 2009). It is known that high altitude 
aeolian processes are constantly transporting microorganisms from higher latitude 
Southern Hemisphere continents, indicating that Antarctica has never been truly 
isolated. The impact of these constantly seeded microorganisms is likely governed by 
the ratio of seeded populations to extant populations (Hughes, 2003, Smith and 
Riddle, 2009). Bioaerosols from more local sources, such as the Davis discharge, are 
likely to contain a greater proportion of viable microorganisms. A concern of 
bioaerosol formation and wind-mediated dissemination is the potential spread of 
human microorganisms to areas considered pristine due to a lack of human activity. 
1.5.2 Wastewater Dissemination and Impact from Other Research Stations 
Davis station is just one of 82 research stations in Antarctica operated by 28 
nations. They range in size from less than 20 to 1150 occupants at full capacity 
(Smith and Riddle, 2009). Differences in sewage plumes have been related to 
seasonal population changes in research stations, wind-driven turbulence, currents 
and fluctuations in sea-ice cover. Significant reductions in concentration and an 
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increase in dispersal of faecal indicator bacteria were observed when sewage 
treatment infrastructure was installed at McMurdo station (USA), which can support 
1150 staff, and the outlet was moved 5m below the waterline, from emptying onto 
sea ice (Lisle et al., 2004). Most other stations have summer populations of 20-60 
people but could still gain great improvements from relocating sewage outlets (Smith 
and Riddle, 2009). Sewage treatment facilities have been implemented successfully 
at some research stations, including McMurdo (USA), Rothera (UK) and Scott (New 
Zealand) (Hughes, 2004). These facilities separate solids, to be shipped out, and 
disinfect remaining liquid fractions by exposure to UV. Their successful 
implementation indicates that technologies are available that will work in Antarctic 
conditions (Hughes, 2004). 
McMurdo station (USA), established in 1955, is the largest station in 
Antarctica that until 2003 had been pumping untreated sewage into surrounding 
waters. In a study conducted by Lisle and colleagues (2004), after sewage treatment 
installation, faecal and total coliforms were detected in relatively low numbers at the 
drinking water intake, less than 1 km from the outfall, which conform to the World 
Health Organisation Guidelines For Safe Recreational Water Environments (World 
Health Organisation, 2003). Sediment samples from the area around the drinking 
water intake contained low numbers of indicators but relatively high numbers of 
Clostridium perfringens. Untreated sewage was found to contain high numbers of 
total and faecal coliforms, E. coli, enterococci, C. perfringens and coliphage (virus 
infecting E. coli). Indicator concentrations declined with distance from the McMurdo 
station outfall site (Lisle et al., 2004). In a study before sewage treatment by Edwards 
and colleagues (1998), it was noted that the sewage plume from the effluent release 
at McMurdo station  extended at least 300m out to sea and was distributed along the 
1 km shoreline. 
Another study at McMurdo station by Conlan et al. (2004) found that epibiotic 
communities in the vicinity of the outfall site were affected by the released sewage. 
Changes were apparent in community structure and species abundance. Taxonomic 
diversity and taxonomic distinctness were found to be lower in communities in 
contaminated sites than uncontaminated sites. Contamination was due to proximity to 
sewage effluent and a historic dump site in Winter Quarters Bay. Some of the larger 
benthic organisms were found to assimilate human faecal bacteria (Conlan et al., 
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2004). In the study by Lisle and colleagues it was found that generally, sediment at 
the discharge site at McMurdo station contained higher numbers of bacteria than the 
overlying water. For example, faecal coliforms ranged from 21 cfu/100mL in the 
water column to 1.04 x 104 cfu/g dry weight within sediment. Sewage solids that 
accumulated at the discharge site contained significantly higher numbers, five to six 
orders of magnitude) of E. coli, enterococci and C. perfringens than untreated 
sewage (Lisle et al., 2004), indicating that faecal bacteria were surviving and 
multiplying in marine sediments in the vicinity of the outfall pipe. 
An earlier study by Edwards and colleagues (1998) also found that Clostridium 
perfringens was most concentrated between 1-4cm deep in sediment core samples in 
McMurdo sound near the sewage outfall from McMurdo station, yet was not detected 
in pristine locations (uncontaminated by humans) 10 and 65 km from the station. 
This is suggestive of a settling effect of sewage and nutrient inputs, depositing the 
bacterium in the surface layer. Edwards et al. also collected benthic marine 
invertebrates; sea urchins, tunicates, starfish, clams, nemerteans worms and fish, at 
least 10 specimens of each species per sampling location. It was found that 100% of 
tunicates, 83% of sea urchins, 32% of starfish and 90% of clams tested positive for 
C. perfringens in their gut near the outfall. C. perfringens was not detected in fish or 
worms near the outfall, or any organisms collected in pristine locations. Stations 
without effective treatment, such as Davis, may cause similar or greater localised 
impacts due to the release of untreated sewage. 
The effects of sewage release have also been studied at the French research 
station Dumont d’Urville, which is situated in Adelie Land, South Eastern 
Antarctica. Sewage from the station is discharged at the base of a deep shelf cliff 
approximately 50 m from the sea shore. In winter the sewage accumulates between 
the outfall and the shoreline fast ice (Delille and Delille, 2000). Water was recorded 
at 0.5oC in summer and -2.1oC in winter. The highest concentrations of enteric 
bacteria were detected in the vicinity of the outfall in summer, although numbers 
were low or not detected more than 2 km away from the outfall (Delille and Delille, 
2000). No sewage treatment system was in operation at the time of the study. The 
authors concluded that Dumont d’Urville station produces persistent sewage 
pollution in ice-free and under-ice water that is attributable to human activity. 
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Another permanent French research station is Port-aux-Francais station, on 
Kerguelen Island, off the Antarctic mainland. It is in a sub-Antarctic area with less 
severe conditions. Seawater averages a temperature of 5oC; 9oC in summer and 1oC 
in winter. Delille and colleagues showed that E. coli was always present in the direct 
vicinity of the main sewage outfall. Enterococcus spp. were only detected at the 
sampling station nearest to the main outfall. The highest densities of enteric bacteria 
were detected in November (summer) and the lowest in April. The highest level of 
faecal bacteria numbers coincided with the presence of the supply ship, which caused 
an increase in human population from 30% to 75% of base maximum population. 
The same study determined that nutrient availability is a larger influence on faecal 
bacteria survival than temperature (Delille and Gleizon, 2003), as Antarctic waters 
tend to contain low organic content. These findings were in agreement with earlier 
work by Smith et al. (1994) investigating the influence of nutrient availability on 
bacterial survival in Antarctica. McMurdo station, Terra Nova bay and Dumont 
d’Urville station are known to produce a persistent faecal contamination in ice-free 
and under-ice waters (Bruni et al., 1997, Delille and Delille, 2000, Howington et al., 
1992, McFeters et al., 1993). When kitchen waste is combined with sewage, such as 
at Davis station, the release of nutrient-rich wastewater is likely to facilitate the 
persistence of faecal bacteria. 
The presence of foreign microorganisms derived from humans in the Antarctic 
environment has been described as an impact that would not be permitted except for 
the specific exemption within the Madrid Protocol Annex III (Smith and Riddle, 
2009). Impacts of microorganism introductions are not the only impacts of human 
activities, both scientific and tourism-related. Other impacts include physical 
damage, biological invasions and contamination (plant species in addition to 
microorganisms) and chemical contamination (Cowan et al., 2011). Tourism also has 
the potential to disrupt wildlife and scientific activities. A record number of tourists 
and support staff visited Antarctica (74,128) over the 2007-2008 season (Aronson et 
al., 2011). With the number of humans visiting Antarctica likely to increase further it 
is imperative effective guidelines are in place to minimise further impacts. Any 
research station operating in Antarctica that releases untreated wastewater into the 
marine environment could potentially be disseminating antibiotic resistant, 
potentially pathogenic microorganisms (Hernández et al., 2012). 
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1.6 RISK OF STRESS AND DISEASE INTRODUCTION TO WILDLIFE 
Greywater (from showers and sinks) and blackwater (sewage) are combined for 
treatment and discharge in most Antarctic stations. While it is not possible to say 
whether Antarctic species are any more or less sensitive to pollutants than temperate 
species (Romanowski, 1992), synthetic organics, disinfection by-products and metals 
that may elicit a stressed or disease response in temperate wildlife (Marraffini and 
Sontheimer, 2010, Mundy et al., 2000, Silva et al., 2012, Calabrese et al., 1977) may 
cause similar stress in Antarctic wildlife (Kieser, 2000), which in turn can increase 
the risk of disease following their exposure to microorganisms. The potential exists 
for human disease-causing microorganisms found in sewage to also cause disease in 
wildlife. Little is known on the impacts of human waste-associated microorganisms 
on wildlife, especially in Antarctica. The vast majority of environmental microbial 
studies have focussed on potentially zoonotic infections and their origins, rather than 
the human impact on wildlife. Studies on sewage disposal focus solely on human 
health impacts (Smith and Riddle, 2009). 
Sewage impacts on the environment aesthetically (sight and smell), through 
physical and chemical effects of releasing large amounts of particulate, organic 
material and nutrients, and through the introduction and dissemination of 
microorganisms. The aesthetic impact is the most easily detected and is therefore the 
most likely to be acted upon.  Particulate material, especially when released in large 
quantities, can reduce the amount of light available to organisms and smother 
communities (Lenihan et al., 1995). These effects are substantially more harmful 
when wastewater is released into inadequately mixed water bodies, such as the 
sheltered coastal locations where research stations are commonly located.  
Wastewater may contain a range of toxic or harmful compounds, including 
metals, disinfection by-products, oestrogen, synthetic organic compounds etc (Smith 
and Riddle, 2009). These are in addition to normal human waste products. The 
addition of high-nutrient wastewater is likely to upset the natural balance of 
Antarctic marine ecosystems. For example, sediment and water can become anoxic 
due to the breakdown of organic compounds in wastewater by heterotrophic bacteria 
(Smith and Riddle, 2009). The oxygen requirement for complete breakdown is 
termed biological oxygen demand (BOD). Deposition and accumulation of solids 
from wastewater discharge can lead to localised anoxic conditions due to 
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consumption of O2 during breakdown of the organic nutrients. Lower ambient 
temperatures (ca. -1.8oC) in Antarctica decreases the rate of O2 dissolution into water 
columns (Howington et al., 1994). This amplifies the detrimental effects of the BOD 
increase by the input of wastewater (Bickford, 1996). In turn, this can lead to 
microbial putrefaction and production of harmful toxins in anoxic conditions, such as 
ammonia, acetic, lactic and butyric acids, indole, mercaptans, amines and H2S 
(Carlson and Leiser, 1966). However, nutrient and BOD levels can be reduced by 
settling and even more so by advanced (tertiary) treatment processes (Bitton, 2005, 
Gerardi and Zimmerman, 2005). 
Endocrine-disrupting compounds (EDCs) are often present in wastewater, and 
can have a detrimental effect on reproduction and development of marine fauna 
(Depledge and Billinghurst, 1999, Matthiessen, 2003). EDCs most commonly 
originate from oestrogenic reproductive steroid hormones, and as the breakdown 
products from alkylphenol ethoxylate surfactants (APEs), found in shampoos, 
cleaning products, contraceptives etc. Many Antarctic marine species reproduce in 
the near-shore environment, such as marine fish and invertebrates, so are at particular 
risk of abnormalities from EDCs. Little is known about the effects of EDCs in 
Antarctic fauna (Smith and Riddle, 2009). In addition, these chemical contaminants 
can cause stress in organisms that may render them more susceptible to disease by 
microbial contaminants. Disease in Antarctic wildlife caused by microorganisms is 
the most potentially harmful effect of the release of untreated sewage (Smith and 
Riddle, 2009). 
1.7 MICROORGANISMS AND DISEASE IN ANTARCTIC WILDLIFE 
A well developed understanding of the normal flora and common disease 
causing microorganisms in Antarctic animals is important for any further assessment 
of the human impacts on Antarctic wildlife. However, little information is available 
compared to other regions of the world. Some of what is currently known is 
presented below. 
Due to site crowding in the breeding season by Antarctic seabirds, they are 
highly susceptible to a large range of parasitic infections and diseases. Serological 
evidence of viruses, rather than infections or disease states have been recorded in 
most cases (Woods et al., 2009). Avian paramyxoviruses have been found to infect 
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Antarctic birds, just as they infect birds globally. Paramyxoviruses have been 
specifically isolated from penguins (Pygoscelis adeliae) in the Vestfold hills in the 
vicinity of Davis station and also in other locations in Antarctica. Evidence of other 
viruses detected in Antarctic and sub-Antarctic birds include birnavirus, avian 
influenza virus and flavivirus. Bacterial and fungal diseases are rarely found in wild 
seabirds (Woods et al., 2009). 
Antarctic wildlife have been found to harbour bacteria, pathogenic and 
commensal to humans, which can also be found in sewage (Smith and Riddle, 2009, 
Layton et al., 2010). Lower trophic levels, such as filter feeders, can concentrate 
faecal bacteria, which could be harmful to higher trophic levels once ingested. The 
Antarctic filter feeding bivalve Laternula eliptica has been shown to accumulate 
coliforms (Bruni et al., 1997). Another microorganism associated with human 
disease, Campylobacter jejuni subsp. jejuni sequence type 45, has been isolated from 
macaroni penguin chicks from Bird Island, south Georgia (sub-Antarctic) by 
Griekspoor et al. C. jejuni sequence type 45 is also associated with asymptomatic 
infection in poultry but is not normally found in Antarctic wildlife. Untreated sewage 
released from a research station on the island has been implicated as a possible 
source of the pathogen (Griekspoor et al., 2009). Little information is available 
regarding the normal flora and especially pathogens common to Antarctic species. 
Serological evidence rather than disease states have been recorded in most 
investigations of Antarctic seabirds (Woods et al., 2009). Similarly, serological 
evidence of viral infections have been recorded for Antarctic seal species and 
bacteria have been associated with morbidity and mortality events (McFarlane et al., 
2009). Investigations into Antarctic wildlife would provide useful data when tracing 
sources of contamination and studying disease outbreaks. One study of Arctic 
hooded, harbour and grey seals found the majority of microbial 16S sequences were 
from novel species with less than 97% sequence homology to known species. 
Sequences represented an average gut community comprising 58% Firmicutes, 21% 
Bacteroides, 13% Proteobacteria and 8% Fusobacteria (Glad et al., 2010), which 
represents a lower gut diversity than human gut microbiota (Qin et al., 2010). 
Carnivorous animals are known to have a lower gut microbial diversity than 
herbivorous animals (Glad et al., 2010). This difference in diversity may facilitate a 
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less ambiguous approach to identifying omnivorous human microbiological 
contamination in the Antarctic. 
Serological evidence of Brucella infection has been found in Hawaiian monk 
seals (Nielsen et al., 2005). It is thought that Brucella infection is common in Minke 
whales in the northern hemisphere, however, Ohishi and colleagues (2008) found no 
evidence of brucellosis in Antarctic Minke whales. Evidence suggests that Brucella 
spp. could have evolved with marine mammals, rather than acquisitions through 
recent infections or introduction from humans (Ohishi, 2008). 
Many conditions causing disease states and mortality have been recorded 
among all seal species in the Antarctic and sub-Antarctic region. These include 
predation, wounds caused by predators, wounds obtained in fights between rival 
males during breeding season, parasites, viral and bacterial infections and 
anthropogenic effects (McFarlane et al., 2009). Of viral infections recorded, evidence 
is largely serological based. Viral agents for which evidence has been found in seals 
include canine distemper virus and phocine distemper virus (morbilliviruses), herpes 
virus, poxvirus and arboviruses. Bacterial species have also been associated with 
morbidity and mortality events in Antarctic and sub-Antarctic seals. These include 
Mycobacterium tuberculosis, Brucella spp., Klebsiella pneumonia and Leptospira 
interrogans (McFarlane et al., 2009). 
The bacterial genera Salmonella and Campylobacter and parasite Giardia have 
been found in disease states in Antarctic birds and seals but it is not known whether 
they are normal flora, sourced from other wildlife or anthropogenically introduced. 
Microorganisms from sewage effluent can be concentrated by bioconcentration up 
the food chain (Smith and Riddle, 2009), therefore highlighting the need for effective 
removal of faecal microorganisms including bacteriophages, enteric viruses, E. coli 
and enterococci from wastewater in Antarctica. 
While a link between disease in wildlife and prevalence of faecal indicator 
bacteria such as enterococci in surface waters is not established, the relationship is 
known for humans. Guidelines have been developed by individual nations and the 
World Health Organisation for safe use and consumption of water (World Health 
Organisation, 2003). Many studies in Antarctica monitoring impacts of sewage 
release target faecal indicator bacteria including enterococci, and they have been 
detected in the Vicinity of Davis station. 
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1.8 ENTEROCOCCI: USES AND PROBLEMS 
Enterococci are gram-positive, catalase negative facultative anaerobic cocci 
commonly defined by their ability to grow at high pH and 6.5% NaCl, and to 
hydrolyse bile-esculin and L-pyrrolidonyl-B-naphthylamide (PYR), reactions that 
can facilitate separation from other genuses (Hollenbeck and Rice, 2012). The genus 
Enterococcus was created when it was recognised that enterococci are not of the 
Streptococcus genus following DNA-DNA and DNA-RNA hybridisation studies 
(Ogier and Serror, 2008, Schleifer and Kilpperbalz, 1984). While there is some 
contention, 40 species are currently recognised as members of the genus (Rahkila et 
al., 2011). Species within the genus Enterococcus are closely related to other gram-
positive, low-GC lactic acid bacteria. Unlike other lactic acid bacteria, enterococci 
are not considered as “Generally Recognised As Safe” (GRAS) (Ogier and Serror, 
2008) due to their opportunistic pathogenic nature, presence in hospitals and 
widespread colonisation of animal gastrointestinal tracts. 
1.8.1 Enterococci in Foods and Gastrointestinal Tracts 
Despite not being classified as “Generally Recognised As Safe”, E. faecalis, E. 
faecium and to a lesser extent E. durans, E. hirae and E. casseliflavus are found in 
milk and cheeses (Franz et al., 1999, Ogier and Serror, 2008). The presence of 
enterococci in milk and subsequent cheese products is thought to occur through 
direct animal faecal contamination of the milk or indirectly though water or milking 
equipment (Ogier and Serror, 2008). Enterococci are considered essential for cheese 
ripening and flavour production by Southern European countries and can be detected 
in numbers up to 107 colony forming units per gram despite concerns on the 
pathogenicity of enterococci (Ogier and Serror, 2008). Some enterococci are also 
used as probiotics due to their commensal status in humans. Commercial probiotic 
strains include E. faecalis Symbioflor 1 and some probiotic cultures containing E. 
faecium such as Gaio and CausidoR (Ogier and Serror, 2008, Domann et al., 2007). 
Enterococci probiotic use was banned in Canada in 2004 (Ogier and Serror, 2008). 
Their use in foods and as probiotics remains controversial since environmental water 
bodies are considered unsafe upon detection of enterococci and they are used as an 
indicator of faecal contamination. 
A significant component of the microorganisms excreted by most humans are 
enterococci, which form part of the normal flora in all mammalian and avian 
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gastrointestinal tracts (GIT) and other warm blooded animals (Paulsen et al., 2003, 
De Vuyst et al., 2003, Devriese et al., 2006, Naser et al., 2005, Junco et al., 2001, 
Marcinek et al., 1998). As a consequence, faecal enterococci (E. faecalis, E. faecium, 
E. durans and E. hirae) are considered good indicators of human faecal 
contamination. E. faecalis and E. faecium are the most frequently occurring 
enterococci in the human GIT (De Vuyst et al., 2003), with E. faecalis predominant 
in most populations (Devriese et al., 2006, Franz et al., 2011, Angeletti et al., 2001). 
Enterococcus strains are well equipped for survival in gastrointestinal tracts of 
animals as well as harsh environments once excreted. Enterococci are resistant to 
desiccation, tolerate high pH and salt concentrations, temperature extremes, 
oxidative stress and can survive prolonged exposure to sunlight (Devriese et al., 
2006, Deasy et al., 2000).	In addition, enterococci are often found in water, sewage, 
food and in soil; often through faecal contamination (Franz et al., 2011, Naser et al., 
2005, Paulsen et al., 2003, Ogier and Serror, 2008).	
1.8.2 Use as Indicator Organisms 
Enterococci are widely used as faecal indicator bacteria for water quality 
monitoring and are recommended by the U.S. EPA (U.S. Environmental Protection 
Agency, 2006) and WHO (World Health Organisation, 2003). Factors influencing 
indicator selection include the prevalence of the indicator within the human digestive 
tract, dilution once discharged, proximity and size/volume of source, and hydrologic 
variables (Haack et al., 2009). Indicator bacteria are most widely used to test the 
quality of water, though there is no data available on indicator numbers and disease 
response in wildlife; correlations have only been found for humans (Smith and 
Riddle, 2009). It is now very widely recognised that the culturing of traditional faecal 
indicator bacteria as a measure of faecal contamination has serious limitations 
(Abreu-Acosta and Vera, 2011, Haack et al., 2009, Shannon et al., 2007, Rousselon 
et al., 2004, McQuaig et al., 2006, Rose, 2001, Lucena et al., 2004, Lemarchand et 
al., 2005). Faecal indicators, such as E. coli, enterococci and C. perfringens are 
known to have differing survival characteristics to some of the pathogens they are 
used to test for (Abreu-Acosta and Vera, 2011, Lucena et al., 2004, Shannon et al., 
2007), such as viruses and protozoa (Haack et al., 2009, McQuaig et al., 2006, Rose, 
2001). The potential will always exist to miss other significant microorganisms while 
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only focussing on a select few (Smith and Riddle, 2009), however, enterococci can 
reliably indicate recent faecal contamination. 
1.9 SOURCES OF FAECAL ENTEROCOCCI 
1.9.1 Human-specific Markers and Source Tracking 
Despite limitations as faecal indicators, faecal enterococci (E. faecalis, E. 
faecium, E. durans and E. hirae) are regularly used as standard indicators of human 
faecal contamination (U.S. Environmental Protection Agency, 2006, Souza et al., 
2006, World Health Organisation, 2003). E. faecalis is the major Enterococcus 
species isolated (above 80%) from the environment and from infections and is 
widely used as an indicator of recent faecal contamination to assess water sanitary 
quality and human health risk in marine environment monitoring. Use of enterococci 
for monitoring is complicated due to widespread contamination by enterococci 
following environmental contamination via faecal matter, rendering it difficult to 
track the sources of contamination (De Vuyst et al., 2003). Source tracking using 
enterococci may be possible at Davis station as it has a single point source of human 
faecal contamination, potentially facilitating faecal source tracking. Faecal 
enterococci can be expected to persist for days to weeks in the Antarctic marine 
environment (Smith et al., 1994), especially sediment, and thereby indicate faecal 
contamination. 
1.9.2 Other Methods of Faecal Source Tracking 
Coprostanol, a faecal sterol found in human faeces, has often been used to 
indicate the presence of human sewage contamination. Its use does have recognised 
limitations; it has been shown to persist in the environment following contamination 
and high levels of coprostonal do not always correlate with high numbers of faecal 
coliforms. The ratios of other faecal sterols with coprostanol can lead to a more 
accurate determination of the source of contamination (Shah et al., 2007).  
Detergents, such as sodium dodecyl sulphate (SDS) can also be used to 
visually and chemically detect sewage contamination. SDS is a surfactant in common 
use and found in many household products. The presence of SDS in sewage effluent 
discharged from Davis station has allowed the sewage plume to be directly visualised 
as a ‘slick’ on the surface as it extends out to sea (Figure 1.6) (Stark et al., 
Unpublished Report). 
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Specific gene markers, such as virulence genes, can also be used to determine 
the source of contamination. For instance, enterococci that contain the esp gene, a 
cell surface protein, are often found to be human pathogens (Shankar et al., 1999, 
Haack et al., 2009). Haack and colleagues (2009) found that the presence of esp 
correlated with Bacteroides DNA and human polyomavirus (a human pathogen), 
though the esp gene was not detected in every sample thought to contain sewage. 
Detection of gene markers allows for greater specificity and time savings, as it is an 
application of the polymerase chain reaction (PCR), which does not require culturing 
or substrate utilisation testing, is rapid and DNA sequence-based. 
1.9.3 Faecal Contributions from Native Wildlife 
Not all enteric bacteria detected in environmental sediments are attributable to 
humans. It follows that some microorganisms associated with human faecal 
contamination may have originated from other animals. Sources other than the 
outfall at Davis station include penguin rookery run-off, Weddell seal, elephant and 
leopard seals and skuas. Penguin rookeries are sources of faecal bacteria at above 
background concentrations, but numbers of faecal bacteria are significantly lower 
surrounding rookeries than the levels surrounding the Davis station outfall pipe 
(Stark et al., Unpublished Report). Contributions from other organisms are unknown 
at Davis station. 
The French research station Dumont d’Urville is located in an area of high 
numbers and activity of wildlife, including Adelie penguins, Emperor penguins and 
Weddell seals. The drainage outfall from penguin colonies has been found to contain 
very high numbers of heterotrophic bacteria (Delille, 1987). It is important to note 
that wildlife may provide a significant contribution of faecal bacteria, however, it is 
likely that the species, strains and volume of bacteria and viruses differ considerably 
to human contributions. Since a baseline study was never conducted prior to human 
expeditions, animal contributions must be analysed and subtracted to determine 
human contributions and impacts on the Antarctic marine environment. 
Scat samples of Adelie penguins, Weddell, elephant and leopard seals and 
skuas on ice within McMurdo sound were found to contain indicator concentrations 
similar to human raw sewage (Lisle et al., 2004). Clostridium perfringens was found 
in scat samples in concentrations up to 2x106 cfu/g (dry weight), faecal coliforms and 
E. coli up to 1.4x104 cfu/g (dry weight), and total culturable bacteria up to 2.66x108 
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cfu/g (dry weight). These are considered by the authors to be conservative estimates 
of the bacterial load in Antarctic large animal scats due to the desiccated and exposed 
nature of the samples. However, enterococci may be readily able to survive these 
conditions. Moreover, their resistance to dessication, high salt concentrations, pH 
changes and antimicrobial agents allows them to persist in adverse environments 
including hospitals and thereby aids transmission and infection (McBride et al., 
2007, Paulsen et al., 2003). 
1.10 ENTEROCOCI AS NOSOCOMIAL PATHOGENS 
Extensive research has focussed on enterococci in the hospital environment. 
Their general hardiness and ability to swap or gain genetic elements equips these 
organisms to survive in areas of heavy antibiotic usage (Bourgogne et al., 2008). 
Enterococci are the second to third most common hospital-acquired (nosocomial) 
pathogens (Bourgogne et al., 2008, Gambarotto et al., 2000). In the U.S. the number 
of nosocomial vancomycin-resistant isolates rose 20-fold from 1989 to 1993 
(Gambarotto et al., 2000) and the majority of human infections by enterococci are 
caused by E. faecalis (McBride et al., 2007, Ogier and Serror, 2008). Reid et al. 
(2001) estimate that 80-90% of enterococcal infections are caused by E. faecalis, 
which is associated with urogenital infections, bacteremia and endocarditis (Naser et 
al., 2005). The proportion of E. faecium infections has increased recently due to the 
increase in antibiotic resistance observed in the species (Ogier and Serror, 2008). 
Specific strains can even have a combination of resistance genes and virulence 
factors, which allow them to resist antibiotic agents and infect a range of hosts, 
respectively. 
Evidence suggests that enterococci belong to two clades: hospital environment 
and non-hospital community clades. These clades differ genetically and may have 
diverged 300,000 to 1 million years ago (Hollenbeck and Rice, 2012). The release of 
hospital-clade enterococci by humans in Antarctica following potential positive 
selection by exposure in clinical settings remains a concern, especially given the 
survivability of these organisms in harsh environments. 
1.11 ANTIBIOTIC RESISTANCE IN ENTEROCOCCI 
Many strains of bacteria endemic to human populations, whether pathogenic or 
not, harbour antibiotic resistance genes as a result of contact with antibiotics, both 
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clinically and naturally. Acquired resistance genes in enterococci confer resistance to 
chloramphenicol, clindamycin, erythromycin, tetracycline, high-level 
aminoglycosides, beta-lactamase, and vancomycin (McBride et al., 2007). 
Enterococci are recognised as a reservoir of resistance and virulence genes. E. 
faecalis has an exceptional ability to acquire antibiotic resistance genes and virulence 
factors via horizontal gene transfer (HGT). Strategies include pheromone-induced 
plasmid exchange and contact-dependent plasmid and transposon exchange 
(McBride et al., 2007). HGT coupled with the hardiness of the organism means that 
E. faecalis is often intrinsically resistant to multiple antibiotics (Devriese et al., 2006, 
Franz et al., 2011). When these bacteria are introduced to Antarctic environments, 
they have the potential to transfer antibiotic resistance and virulence genes to 
indigenous strains via conjugation, transformation and transduction (Arvanitidou et 
al., 1997, Lorenz and Wackernagel, 1994). Active transfers of genetic material will 
only occur when the donor bacteria is viable, and is termed genetic pollution 
(Gleckman and Madoff, 1969, Andersen and Sandaa, 1994). Disinfection of 
secondary sewage effluent will reduce numbers of live bacteria (Smith and Riddle, 
2009), and hence reduce the possibility for genetic transfer by conjugation. 
1.11.1 Dissemination of Antibiotic Resistance 
The dissemination of antibiotic resistance genes into the environment at Davis 
station and potential creation of reservoirs of resistance genes are a major concern for 
human and wildlife health. Stark and colleagues (Unpublished Report) have cultured 
E. coli from sampling sites within 400 m of the Davis station outfall that carried the 
resistance genes similar to those found in wastewater samples. The resistance genes 
found encoded resistance to streptomycin, spectomycin and trimetheprim, three of 
the top ten resistance genes commonly detected in clinical settings (Stark et al., 
Unpublished Report). In addition to this, the filter feeding invertebrate bivalve 
Laternula eliptica was found to contain E. coli with encoded resistance genes yet an 
invertebrate sea urchin Abatus (deposit feeding and burrowing) was found to contain 
E. coli without resistance genes. This suggests that resistance genes are transferred 
through the water column, rather than sediment (Stark et al., Unpublished Report), 
indicating that genetic pollution may already be occurring as a result of sewage 
discharge from Davis station. 
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It is not known whether large Antarctic animals, such as penguins and seals, 
contain bacteria with resistance genes (Stark et al., Unpublished Report), though it 
can be expected as a result of bioconcentration. 
1.11.2 Vancomycin Resistance: Types and Mechanisms 
Enterococci are known to encode many antibiotic resistance genes and 
virulence factors, enhancing pathogenicity in some strains. High-level resistance to 
the glycopeptide vancomycin in enterococci has caused the greatest concern among 
health practitioners and researchers (Harwood et al., 2001). Vancomycin resistance 
genes VanA, VanB, VanC-1 and VanC2/3 are normally found in clinically important 
strains of enterococci; E. faecalis, E. faecium, E. dispar, E. hirae, E. raffinosus, E. 
gallinarum and E. casseliflavus (Angeletti et al., 2001, Devriese et al., 2006, Hanaki 
et al., 2004). Consequently, vancomycin-resistant enterococci (VRE) have become a 
major problem in hospitals globally. Vancomycin was discovered in 1952 but while 
it has been used since, its use has been limited (McBride et al., 2007). VRE were first 
isolated in 1988 and resistance has spread faster than expected (Courvalin, 2006), 
having spread extensively through E. faecalis lineages in less than 20 years (McBride 
et al., 2007). The rate of incidence of VRE infections in clinical settings has been 
increasing since the 1990s (Harwood et al., 2001). It is now estimated that 30% of 
clinical Enterococcus isolates are resistant to glycopeptides (Hollenbeck and Rice, 
2012). VRE are more frequently isolated from hospital patients than control groups 
(Gambarotto et al., 2000), however highly vancomycin-resistant enterococci can be 
isolated from humans with no hospital exposure in Europe (Harwood et al., 2001). 
Available data suggests there is a heterogenous pool of VRE outside hospitals in 
Europe. Sources include meat, meat products, animal waste, sewage and faeces from 
healthy people (Stobberingh et al., 1999). Further epidemiological evidence suggests 
that VRE may be transmitted from animals to humans. VRE harbouring VanC genes 
have been isolated from bird faeces, chickens and farm water (Harwood et al., 2001). 
The widespread use of the glycopeptide avoparcin in Europe has been implicated as 
responsible for the reservoir of VRE outside hospitals, implicating farm animals and 
farmers, which can retain VRE long after the use of avoparcin has been discontinued 
(Stobberingh et al., 1999). Resistance ranges from low to high MICs via a number of 
genes encoding similar mechanisms. 
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Whether situated on a mobile genetic element or the chromosome, 
vancomycin-resistance genes confer resistance by producing modified peptidoglycan 
precursors with lower binding affinity for glycopeptides (Courvalin, 2005). 
Peptidoglycan is an important structural component of the gram-positive bacteria cell 
wall. Vancomycin-susceptible strains are inhibited by the binding of vancomycin to 
the D-Alanine-D-Alanine C-terminus of peptidoglycan pentapeptide precursors, 
inhibiting cross-linking and peptidoglycan assembly (Abadia-Patino et al., 2004, 
Courvalin, 2005, Depardieu et al., 2007). Acquired (mobile) resistance mechanisms 
encoded by VanA and VanB synthesise abnormal peptidoglycan precursors and 
eliminate the normal host precursors (Arias et al., 2000, Courvalin, 2005, Depardieu 
et al., 2007, Reynolds et al., 1999). High-level resistance is conferred by D-lac 
ligases encoded by VanA-, B-, D- and M-types in combination with the elimination 
of normal precursors (Arias et al., 2000, Hollenbeck and Rice, 2012). 
Chromosomally encoded VanC-, E- and G-types replace the C-terminal D-Ala with 
D-Serine and eliminate the normal host peptidoglycan precursors (Courvalin, 2005). 
Since the VanC gene cluster is chromosomal, isolates are intrinsically low-level 
resistant to vancomycin but remain susceptible to teicoplanin (Reynolds et al., 1999, 
Depardieu et al., 2007). As the VanC gene cluster is chromosomally encoded it is not 
readily transferrable, yet it is implicated as a source of the vancomycin-resistance 
genes in other Van phenotypes (Hollenbeck and Rice, 2012). 
1.11.3 Vancomycin Resistance Phenotype and Genotype 
The resistance phenotype, or minimum inhibitory concentration (MIC), of 
enterococci is the determinative factor considered when treating infections with 
antibiotics (Dantas and Sommer, 2012), yet the MIC alone is not sufficient to find 
the resistance genotype because MICs overlap (Bell et al., 1998, Courvalin, 2006). 
The genotype is more relevant when investigating propensity or possibility of 
horizontal gene transfer (HGT) to and from human pathogens due to the differing 
locations of resistance gene clusters, either chromosomal or situated on mobile 
elements (Dantas and Sommer, 2012).  
1.11.4 Genome Structure and Mobile Genetic Elements 
While enterococci can harbour multiple mechanisms conferring vancomycin 
resistance, the VanA gene cluster on Tn1546-related non-conjugative transposons is 
the most commonly found (Stobberingh et al., 1999). Resistance to glycopeptides 
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vancomycin and teicoplanin can be high (>256 µg/mL) for VanA-, B-, D- and M-
type strains. VanA and VanB genes can be plasmid-borne or chromosomal 
(Depardieu et al., 2007). VanB-type is variable, conferring low to high resistance; 
VanB- and C-type strains can have moderate to low resistance to vancomycin (8-32 
µg/mL) (Schouten et al., 1999). The VanC-type gene is considered specific to 
Enterococcus gallinarum and E. casseliflavus (Harwood et al., 2001). 
Horizontal gene transfer of vancomycin resistance gene clusters occurs because 
VanA and B gene clusters are situated in mobile genetic elements transferred by 
plasmids (Stobberingh et al., 1999, Courvalin, 2006). Enterococcus faecalis can be 
very proficient at acquiring genetic elements via HGT, illustrated by some strains 
which contain a substantial amount of mobile genetic elements within the genome. E. 
faecalis V583 was the first American vancomycin-resistant clinical isolate and 
encodes VanB genes in mobile genetic elements (Paulsen et al., 2003). More than 
25% of the E. faecalis V583 genome is comprised of mobile genetic elements, one of 
the highest proportions of mobile DNA in a genome known. There is a lack of 
synteny (co-localization of genetic loci) when the E. faecalis genome is compared to 
other low-GC gram-positive bacteria. This means that the genes are totally reordered 
and is generally the result of a structurally unstable genome, explaining E. faecalis’ 
ability to acquire and disseminate antibiotic resistance genes. This suggests that E. 
faecalis may act as a reservoir for antibiotic resistance genes (Paulsen et al., 2003). 
1.12 DETECTION OF ENTEROCOCCI 
1.12.1 Phenotypic Methods 
The interest in enterococci as clinical isolates has led to a range of methods to 
detect clinically relevant species. These include phenotypic methods, such as growth 
morphology on selective media, including bile-esculin and K-tellurite agar, and 
biotyping using biochemical tests. Phenotypic methods may confound the 
classification of enterococci by misrepresenting phylogenetic relationships (Domig et 
al., 2003). The identification of enterococci by phenotypic and biochemical tests is 
also problematic due to non-conforming species. False positives and negatives are 
often observed, as well as overlap with Lactococcus species (Deasy et al., 2000). 
Biochemical tests are now accepted as unreliable to identify all Enterococcus species 
(Svec et al., 2005). 
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1.12.2 Genotypic Methods 
Progressive additions of new species to the Enterococcus genus have driven 
considerable changes to the classification of the genus (Naser et al., 2005, Franz et 
al., 2011). A DNA-based method is considered optimum for species identification 
(Domig et al., 2003). Sequencing of the 16S ribosomal RNA gene has been widely 
used for identification of enterococci. Ideally, 16S sequencing should be coupled 
with a more variable gene, such as phenylalanyl t-RNA synthase (pheS) for greater 
resolution. PheS is a house-keeping gene with a rapidly evolving sequence, which 
allows the differentiation of novel species (Svec et al., 2005).  
Such methods can be combined with phenotypic identification methods and are 
referred to as polyphasic taxonomy, and are favoured because they combine 
phenotypic and genotypic information (Domig et al., 2003, Franzetti et al., 2004). 
1.12.3 Next-Generation Sequencing 
The powerful, relatively new technology called next-generation sequencing has 
been used with great success for metagenomic analyses of many ecological niches. It 
is used to generate very large numbers of reads, short stretches of DNA sequence that 
overlap and provide many times coverage of the input sequences once assembled and 
annotated. Unless coupled with another identification or isolation technique, next-
generation sequencing will generate reads for every sequence in the sample at 1% 
abundance or higher (Dantas and Sommer, 2012). This allows for the detection of the 
majority of organisms that may be present in a sample, in addition to relative 
abundance and putative community functions. 
Another application of next-generation sequencing is whole-genome 
sequencing. By generating a very large number of reads, genomes can be sequenced 
at tens to hundreds of times coverage, conferring high confidence in single 
nucleotide polymorphisms and resulting sequence accuracy. If one or more reference 
genomes are available, such as for enterococci, a sequenced genome can be 
reconstructed in reference to other genomes and differences visualised. 
1.13 SUMMARY AND IMPLICATIONS 
Strong evidence exists to indicate that the human presence in Antarctica has an 
impact on the marine environment local to research stations despite legislation 
designed to remove or minimise impacts (Hughes et al., 2013). Coastal research 
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stations are situated on the ice-free rocky areas, a very small proportion of the 
continent, that are home to large populations of penguins and seals. Within these 
areas of human and wildlife concentration, changes in epibiotic communities and 
microorganism abundance have been measured as a direct result of wastewater 
release at multiple stations and high numbers of faecal enterococci and other 
microorganisms have been detected in the vicinity of wastewater outfall pipes. Water 
and sediment surrounding Davis station’s outfall pipe are known to contain high 
numbers of faecal enterococci due to the absence of secondary wastewater treatment. 
The installation of sewage treatment infrastructure reduces these impacts but 
difficulties in operation, efficiency and slow uptake of treatment technology at many 
research stations severely limits the benefits of the technology (Gröndahl et al., 
2009). 
Little is known about the direct impacts of introduced enterococci on 
indigenous microorganisms of Antarctica. The ability of hospital-clade enterococci 
to survive in harsh environments and acquire and disseminate antibiotic resistance 
and virulence genes predisposes these organisms to survive and potentially multiply 
in the Antarctic marine environment and organisms. The combination of 
survivability, virulence and resistance to powerful antibiotics in enterococci, 
especially E. faecalis and E. faecium, is a major impetus to avoid their introduction 
to any environment. All possible steps need to be taken to avoid introduction of 
enterococci and other potentially foreign microorganisms into the Antarctic 
environment to ensure these anthropogenic impacts are not increased. Importance 
should also be placed on gaining an understanding of the current state of microbial 
flora due to already released waste. This will help to ensure scientific research 
continues to be given the highest priority by the international community and the 
continent retains its pristine nature. 
1.14 CONTEXT 
This study is part of a larger environmental survey of the marine environment 
in the vicinity of Davis station, which is presented in Stark et al. (Unpublished 
Report). The present study involves 4 major focus areas, (i) detection and 
distribution of enterococci within the pristine, protected marine environment 
receiving untreated sewage from Davis station; (ii) which Enterococcus species or 
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strains can be attributed to humans and which to wildlife; (iii) antibiotic resistance 
and virulence genes that may be encoded by enterococci isolated from Antarctica; 
and (iv) genetic elements being introduced to the environment and pathogenicity 
conferred by the genetic elements. 
1.15 KNOWLEDGE GAPS 
o It is not known which species of enteric bacteria are present in the 
Antarctic marine environment, within Antarctic animals or whether 
these bacteria encode antibiotic resistance and virulence mechanisms. 
o It is not known whether the extreme conditions in Antarctica affect 
identification techniques relying on phenotypic expression of genes 
compared to genotypic DNA sequence identification for enterococci. 
o There have been no studies published that attempt to determine the 
risk human activities pose to wildlife, especially indicator numbers, 
pathogenicity and disease response in wildlife. Correlations have only 
been found for humans. 
1.16 AIMS OF THE STUDY 
1.16.1 Aim 1 
Determine presence and distribution of faecal indicator enterococci in marine 
sediments (for human waste contamination) and wildlife faecal material (for baseline 
wildlife contributions). 
o This research will build on previous work which isolated enterococci 
from station-proximal and remote sediments, station wastewater and 
indigenous macrofaunal faeces, Weddell seal (Leptonychotes 
weddellii), Adelie penguin (Pygoscelis adeliae), elephant seal 
(Mirounga leonina) and leopard seal (Hydrurga leptonyx). Isolates 
will be identified for presence of potentially pathogenic Enterococcus 
species. 
1.16.2 Aim 2 
To compare the results of phenotypic and genotypic techniques used for the 
identification of enterococci from environmental samples. 
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o Phenotypic techniques, such as biochemical substrate utilisation, have 
long been used to identify enterococci of clinical importance. These 
techniques detect the expression of key genes that may be affected by 
the extreme conditions experienced by enteric bacteria released in 
Antarctica. Genotypic techniques such as the polymerase chain 
reaction and DNA sequencing are unaffected by differential 
expression of genes in response to environmental conditions. 
1.16.3 Aim 3 
To gain an understanding of the potential dissemination and persistence of genetic 
elements, such as antibiotic resistance genes, that can be attributed to human waste 
release, and determine whether select antibiotic resistance genes are present within 
Antarctic wildlife that come into contact with sewage-impacted areas. 
o Enterococci are exceptional reservoirs of antibiotic resistance genes 
and virulence factors due to the acquisition of DNA and resulting 
instability of genomes of some strains. Dissemination of these genes is 
facilitated by horizontal gene transfer of mobile genetic elements, 
thought to occur in all environments. The genomes of enterococci 
detected in the Antarctic marine environment will be characterised 
with an emphasis on antibiotic resistance and virulence genes encoded 
to assess potential pathogenicity of these strains. 
1.17 SIGNIFICANCE, SCOPE AND DEFINITIONS 
Enterococci are enteric organisms considered ubiquitous in mammalian 
gastrointestinal tracts in addition to many other organisms and environments, yet also 
constitute major causes of hospital-acquired infections. They are well adapted to 
survival in harsh environments, such as the hospital environment and potentially the 
Antarctic environment. As it is unknown which species of enterococci may be 
normally excreted by wildlife in the vicinity of Davis station, including Adelie 
penguins (Pygoscelis adeliae), Weddell seals (Leptonychotes weddellii), leopard 
seals (Hydrurga leptonyx) and elephant seals (Mirounga leonina), it is difficult to 
attribute faecal contamination to human activity in the area. The identification of 
enterococci from wildlife scats will facilitate identification of the source of faecal 
enterococci in water and sediment in the vicinity of Davis station. 
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Antibiotic resistance genes refer to single genes or clusters of genes encoding 
mechanisms that modify target molecules of antibiotics, modify the antibiotics 
themselves or eliminate them from the cell, rendering the antibiotic ineffective. The 
dissemination of these resistance genes into environmental (non-enteric) species that 
can act as reservoirs by maintaining the resistance genes should be avoided. 
Environmental microorganisms may be under selective pressure by natural producers 
of antibiotics to evolve and maintain resistance mechanisms to survive and compete. 
High-level antibiotic resistance mechanisms encoded by some vancomycin resistance 
gene clusters could be maintained in environmental reservoirs exposed to 
glycopeptides, a class of antibiotic of which vancomycin is one example. These high-
level resistance genes could then be available for human pathogens to re-acquire by 
horizontal gene transfer, leading to antibiotic resistant pathogens especially difficult 
to eradicate from infections and clinical settings. 
Current understanding of antibiotic resistance genes in the environment centres 
on contributions from human waste release following exposure to antibiotics. Recent 
work has highlighted the possibility of resistance gene exchange in both directions. 
In order to determine the origins of antibiotic resistance genes that may be present in 
enterococci isolated in Antarctica, whole genome sequencing is required. Davis 
station represents a relatively simple model: a single point source of human faecal 
contamination and few animal sources dominated by penguin rookery run-off. 
Results of this study will have implications for other studies in Antarctica and human 
population centres. 
It is important to ensure Australia and all other nations operating in Antarctica 
are aware of the impacts of their activity so they can take steps to minimise it. The 
spirit of cooperation upon which the Antarctic Treaty was built provides impetus for 
all nations to address concerns in their research stations that were raised by any 
member. Anthropogenic influences and contamination in the Antarctic environment 
must be eliminated where possible, or minimised to ensure that future scientific 
research is not impacted. 
1.18 THESIS OUTLINE 
This thesis is structured according to the individual studies. Chapter two details 
the study in which enterococci are identified from all substrates by both phenotypic 
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and genotypic methods. A comparison of the methods forms a useful reference for 
future studies incorporating enterococci. The antibiotic resistance study comprises 
the third chapter. Antibiotic resistance and corresponding genes are identified in the 
Enterococcus isolates identified in the second chapter. Putative origins of resistance 
genes identified are discussed from the results of whole genome sequencing of 
selected Enterococcus isolates. The fourth chapter provides a detailed analysis of the 
results of both the enterococci identification and antibiotic resistance studies in light 
of the information presented in this chapter. Implications pertaining to accuracy and 
precision in previous and future studies utilising the phenotypic or genotypic 
methods from this work are presented. Conclusions that can be drawn by the results 
of this work and the comparisons to other studies are presented in the fourth chapter. 
Recommendations are made for future work to ensure the minimisation of 
anthropogenic impacts on the Antarctic environment. This is followed by a complete 
bibliography recording all sources of information accessed and appendices with extra 
information, tables and figures. 
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Chapter 2: Identification of Enterococcus 
spp. Isolated from Antarctic 
Sediment 
2.1 ABSTRACT 
Human activities with potential environmental impacts within Antarctica are 
tightly regulated, except for discharge of un- or minimally-treated wastewater. 
Enterococcus species were isolated using membrane-Enterococcus-Esculin Iron agar 
(mE-EIA) from marine sediments, water and wildlife faecal samples collected in the 
vicinity of Australia’s Davis station during release of untreated sewage. Fifty-nine 
Enterococcus isolates were identified by phenotypic methods as a range of 6 species 
and subspecies: E. faecalis, E. durans, E. dispar, E. hirae, E. casseliflavus and E. 
casseliflavus subsp. flavescens, whereas 16S rRNA and phenylalanyl t-RNA 
synthase (pheS) gene sequencing indicated two species; E. faecalis and E. faecium. 
Comparison of the two methods found the phenotypic method inadequate for 
environmental isolate identification to species level. Enterococcus faecalis only was 
detected in Antarctic macrofauna (penguin, seal) scats and marine sediment with 
very high sequence similarity, indicating prevalence of highly similar E. faecalis 
strains. No genotypic difference was found between wastewater-impacted and animal 
faecal E. faecalis, indicating enterococci should be re-evaluated for faecal 
contamination source tracking by PCR in Antarctica. 
2.2 INTRODUCTION 
Antarctica is widely considered to be a pristine environment, in which human 
activities presenting environmental impact risks are closely regulated. The Protocol 
on Environmental Protection to the Antarctic Treaty (the Madrid Protocol) specifies 
wastewater disposal practices which allow the release of untreated sewage effluent 
into the marine environment. This is largely due to operational and/or logistical 
constraints (Kerry and Riddle, 2009, Annex III (Waste Disposal and Waste 
Management), 1991). Sewage disposal is the only regular activity undertaken in 
Antarctica that releases large quantities of potentially non-native microorganisms, 
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which have been shown to survive extended periods in the Antarctic environment 
(Smith and Riddle, 2009, Smith et al., 1994). Disease in Antarctic organisms caused 
by introduced microorganisms is potentially the most harmful effect of human 
activity and waste release (Smith and Riddle, 2009). This, however, has largely been 
unregulated as untreated, macerated wastewater has been discharged into the near-
shore environment from Davis station (Australia’s most southerly research station) 
since 2005, when the old treatment infrastructure failed.  
The near-shore marine environment in the vicinity of Davis station is a 
shallow, rocky bay containing several islands. Large Antarctic fauna populate the 
islands and mainland ice-free area (Stark et al., Unpublished Report). Weddell seals 
(Leptonychotes weddellii), Adelie penguins (Pygoscelis adeliae) and elephant seals 
(Mirounga leonina) represent the common fauna observed in the immediate vicinity 
of the outfall. Animals swimming to and from Davis beach are expected to come into 
contact with levels of faecal bacteria between 100 and 10,000 cfu/100mL, well above 
the limits set for primary contact human recreation (Stark et al., Unpublished Report, 
World Health Organisation, 2003, NHMRC, 2008). Human faecal enterococci have 
been detected in sediment to a radius of 1km from the sewage outfall (Stark et al., 
Unpublished Report). 
Faecal bacteria released into the Antarctic environment have been shown to 
survive for prolonged periods. Studies have found Antarctic conditions extended 
survival of enteric bacteria but decreased their recovery at mesophilic induction 
temperatures (Edwards et al., 1998, Smith et al., 1994). Interestingly, although many 
factors influence the survival of human-introduced bacteria in Antarctic marine 
sediment (Davies et al., 1995, Pote et al., 2009), it is nutrient availability, rather than 
temperature, that has the greatest impact on enteric bacteria survival in Antarctica 
(Smith et al., 1994). Enterococcus strains are well equipped for survival in 
gastrointestinal tracts (GITs) of animals and the environment. Enterococci are 
resistant to drying, tolerate high pH and salt concentrations and can survive 
prolonged exposure to sunlight (Devriese et al., 2006, Deasy et al., 2000). It is not 
surprising then that faecal bacteria including E. coli and enterococci have been 
detected in the vicinity of Davis station (Stark et al., Unpublished Report). Evidence 
of faecal contamination has also been found by Leeming and colleagues (In press), 
who demonstrated through faecal sterol markers that sediment in the vicinity of 
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Davis station is exposed to human faecal contamination. Therefore, it can be 
expected that human faecal bacteria can be found in marine sediments receiving 
untreated sewage. 
Faecal enterococci (E. faecalis, E. faecium, E. durans and E. hirae) are 
considered good indicators of human faecal contamination due to their presence in 
the gastrointestinal tracts (GIT) of most humans. However, enterococci are also 
present in other warm blooded animals (Junco et al., 2001, Marcinek et al., 1998, 
Naser et al., 2005); forming a significant component of mammal and bird normal 
flora (Devriese et al., 2006). Of the 40 species within the genus (Rahkila et al., 
2011), E. faecalis and E. faecium are the most frequently occurring enterococci in the 
human GIT (De Vuyst et al., 2003), with E. faecalis predominant in most populations 
(Devriese et al., 2006, Franz et al., 2011, Angeletti et al., 2001). E. faecalis is also 
the major Enterococcus species isolated (above 80%) from the environment and from 
infections. Enterococci are widely used as indicators of recent faecal contamination 
to assess water sanitary quality and human health risk in marine environment 
monitoring. 
Some strains of enterococci are associated with hospital-acquired (nosocomial) 
infections, especially E. faecalis and E. faecium (De Vuyst et al., 2003), which has 
caused great interest globally. The interest in enterococci as clinical pathogens has 
led to the development of a range of methods to detect clinically relevant species, 
especially E. faecalis and E. faecium. These methods include phenotypic 
characteristics, differentiating enterococci by substrate utilisation and enzyme 
expression (Schleifer and Kilpperbalz, 1984). Despite the inclusion of many 
combinations of tests, phenotypic methods may confound the classification of 
enterococci by misrepresenting phylogenetic relationships (Domig et al., 2003, 
Devriese et al., 1993). Phenotypic methods are accepted as unreliable to identify all 
Enterococcus species (Svec et al., 2005) and other methods are needed for 
classification and identification purposes. 
Additions of new species to the Enterococcus genus using DNA-based 
methods have driven considerable changes to the classification of the genus (Naser et 
al., 2005, Franz et al., 2011, Domig et al., 2003). Many techniques utilising DNA 
sequences are applied for the identification of enterococci, including restriction 
endonuclease analysis of total chromosomal DNA and pulsed-field gel 
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electrophoresis, restriction endonuclease analysis of target genes, such as ribosomal 
RNA (rRNA) genes, PCR using species-specific primers, sequencing of intergenic 
regions between 16S and 23S rRNA and full or partial gene sequencing (Domig et 
al., 2003). However, full or partial sequencing of highly variable genes provides the 
greatest resolution for identification to species level. Sequencing of the 16S rRNA 
gene has been widely used for identification of enterococci, yet is unable to delineate 
Enterococcus species. Rather, the 16S rRNA sequence can be used to form groups of 
closely related species (Devriese et al., 2006). For greater species-discriminatory 
resolution, 16S sequencing should be coupled with a more variable gene, such as 
phenylalanyl t-RNA synthase (pheS). Identification of all known Enterococcus 
species is facilitated by the rapidly evolving sequence of pheS. As a house-keeping 
gene, it is present in all Enterococcus species, and allows for the differentiation of 
known and novel species (Svec et al., 2005). Due to the identification of enterococci 
originally achieved by phenotypic methods, it is now widely accepted that the 
standard for systematic bacteriology is polyphasic taxonomy, which combines 
phenotypic and genotypic information (Domig et al., 2003, Franzetti et al., 2004).  
 
The aims of this study were to: 
o Determine presence and distribution of faecal indicator enterococci in 
marine sediments (for human waste contamination) and wildlife faecal 
material (for baseline wildlife contributions). 
o Compare between the results of phenotypic and genotypic techniques 
used for the identification of enterococci from environmental samples. 
To address these aims, Enterococcus species isolated from Antarctic marine 
sediment, water and seal and penguin scats were identified using phenotypic and 
genotypic methods in order to determine species presence and relative abundance. 
The presence of species was compared between the three matrices water, sediment 
and wildlife faecal material. A fourth matrix, raw human sewage from Davis station, 
was interrogated by genotypic methods. 
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2.3 METHODS 
2.3.1 Sample Collection 
Samples included marine sediment cores, local wildlife faecal material and 
water column samples collected by James Smith and Australian Antarctic Division 
researchers. For marine sediment, divers sampled at locations off the coast of Davis 
station (Figure 2.1). Sediment was gathered as push core samples using 60 mL sterile 
polypropylene syringe barrels plugged at each end with syringe plungers and sealed 
using the same method after sampling. Sediment samples were transported unfrozen 
to the laboratory at Davis station then stored at 4°C for less than 48 hr prior to culture 
analysis. Sediments (ca. 25-35 g, 30-40 cm3) were resuspended in a 50 mL sterile 
conical bottomed centrifuge tube using 20 ml sterile phosphate buffered saline 
containing 0.01% Tween 20, vigorously shaken end-to-end for 1 min, vortexed on 
high power for 1 min, allowed to settle for 5 min, and 3-5 mL supernatant analysed 
by membrane filtration as described below. 
Water samples were collected at approximately 20 cm depth via the bow of a 
forward-moving inflatable rescue boat or from shore using a dip sampler vigorously 
rinsed a minimum of six times at each site prior to sampling, with samples taken in 
succession from outfall-distal to outfall-proximal. Samples were processed for 
culture analysis following USEPA method 1106.1 (mE-EIA agar) within 12 hours 
(U.S. Environmental Protection Agency, 2006). All filtration funnel interior surfaces 
and membrane filtered samples were rinsed with a minimum of three separate, 
successive room temperature (ca. 20oC) 20 ml phosphate buffered water (BPW) 
rinses. Care was taken to vigorously rinse interior surfaces of funnels, and each 20 
ml rinse volume was filtered prior to addition of subsequent rinses. Outfall proximal 
samples expected to contain high numbers of enterococci were diluted in PBW prior 
to filtration. A negative control (PBW) was run initially, every 10 samples, and at the 
end of sample filtration series. 
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Figure 2.1. Davis Station and Prydz Bay STP dive sites at which sediment samples were collected. 
Map courtesy of J.Stark; AAD. 
Fresh, unfrozen faecal samples were collected using ethanol-disinfected 
spatulas or spoons from scats deposited at penguin rookeries (Pygoscelis adeliae), 
elephant seal Wallows (Mirounga leonina), or Weddell seal (Leptonychotes 
weddellii) scats on sea ice (refer to Appendix A Figure 5.1, Figure 5.2 and Figure 
5.3). Faecal samples were streaked for isolation directly onto mE medium, prepared 
according to manufacturer’s instructions (BD Australia). 
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Individual presumptive faecal enterococci isolates based on colonial 
morphology on mE agar (typical; pink-to-red with black or reddish-brown 
precipitate) as well as atypical (orange, fisheye, pinpoint (< 0.5 mm) and esculin 
hydrolysis reaction on EIA agar were subcultured on Brain Heart Infusion (BHI) 
agar and resuspended in cryoprotectant (10% beef extract, 5% glycerol in PBS) and 
stored at -80°C until transport to Australia for further analyses. Isolates were 
randomly selected from populations on individual plates, and from randomly chosen 
water samples. One colony was randomly chosen from all enterococci-positive 
sediment and faecal samples. The above sample collections and isolation were 
performed by James Smith and AAD. 
2.3.2 Phenotypic Methods 
Enterococci isolates were identified using a suite of phenotypic tests including 
growth on BHI agar with 6.5% NaCl, bile esculin hydrolysis, utilisation of 
carbohydrates (refer to Appendix A: Table 5.1 for respective carbohydrates), and 
colony morphology on both mE and mEI agars (Manero and Blanch, 1999, Domig et 
al., 2003, Devriese et al., 1993). Non-conforming isolates were identified using the 
API 20 Strep method (Biomerieux) according to manufacturer instructions. Isolates 
were resuscitated in BHI broth prior to carbohydrate utilisation testing. Following 
phenotypic identification Enterococcus isolates were stored in BHI with 10µL 
glycerol at -80°C. Controls used included E. faecalis NCTC 12697, E. 
faecalis NCTC 775, Escherichia coli NCTC 12241 (BTF-Biomerieux Sydney); E. 
faecium strain ATCC 19434 (American Type Culture Collection) and Streptococcus 
bovis (Queensland Health Forensic and Scientific Services). The above phenotypic 
identification was performed by Vicrant Narayan. 
The growth morphology of enterococci on mEI agar from a frozen state was 
investigated. Plates of mEI agar were inoculated with isolates directly from frozen 
stock, incubated at 41°C and subcultured again on mEI agar, incubated at 37°C. 
Enterococci that failed to grow were resuscitated on mE agar or in BHI broth at 37°C 
prior to plating a second time. Positive control E. faecalis and negative control 
Pseudomonas aeruginosa strains were provided courtesy of Mark Stinson and QUT 
Microbiology technical staff. 
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2.3.3 Genotypic Methods 
Isolates were resuscitated in BHI broth at 41°C for 24 h and DNA extracted 
according to the Qiagen Blood and Tissue Kit ‘pre-treatment for Gram-Positive 
bacteria’ followed by DNA purification in a Qiagen (Corbett) X-tractorgene CAS 
1820 robot according to manufacturer’s instructions. Primer sequences and 
ampification of the 16S rRNA fragment were performed according to Deasy et al. 
(2000). Amplification of the PheS gene fragment was performed according to Naser 
et al. (2005) with cycling condition modifications as follows; 95°C for 3 min, 28 
cycles of 95°C for 30 sec, 49°C for 60 sec and 72°C for 60 sec, followed by 72°C for 
5 min. Positive and no DNA controls were included. PCR products were cleaned up 
using the Bioline ISOLATE PCR and Gel Kit according to manufacturer’s 
instructions, followed by cycle sequencing using BigDye V3.1 chemistry (Applied 
Biosystems). PCR and cycle sequencing were carried out using a BioRad DNA 
Engine. Labelled products were purified by ethanol precipitation according to the 
BigDye Terminator Cycle Sequencing Kit protocol (Applied Biosystems, 2002). 
Fragment sequences were determined using an ABI 3500 Genetic Analyzer. 
Isolate and wastewater sequences were aligned and edited using Geneious 
software (Kearse et al., 2012) to analyse single nucleotide polymorphisms (SNPs) 
and searched for matches using BLAST software in the Genbank database of NCBI.  
A laboratory MilliQ water (no DNA) control was processed through all 
genotyping stages including: DNA extraction, PCR, product clean up, cycle 
sequencing, ethanol precipitation and sequencing. Negative results indicated an 
absence of contamination. 
Enterococcus sp. identities were compared between the phenotypic and 
genotypic methods utilising single factor analysis of variance (ANOVA) in 
Microsoft Excel. Data was prepared by assigning a match between techniques as ‘1’ 
and a mismatch ‘0’. Three isolates, 40, 41 and 68 were not included in this analysis 
due to ambiguous results. 
2.4 RESULTS 
2.4.1 Phenotypic Methods 
Eighty presumptive isolates were cultured from 52 sites; 21 non-conformant 
isolates were discarded once identified as E. coli using the API 20 Strep method. The 
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remaining 59 isolates were confirmed as enterococci using classical taxonomic 
criteria, including colony morphology and substrate utilisation. The species identified 
were E. faecalis, E. durans, E. dispar, E. hirae, E. casseliflavus and E. casseliflavus 
subsp. flavescens (Table 2.1). Of the 59 enterococci isolates, 27 (46%) had one or 
more weak or very weak positive substrate utilisation results, confounding 
identifications. Thirty four were isolated from water, 12 from marine sediment, 10 
from wildlife faeces and 3 from Laternula eliptica (bivalve) or Adamussium colbecki 
(scallop) depurate water. Invertebrate filter-feeding depurate water was chosen to 
investigate uptake of faecal indicator bacteria by these organisms.  
 
Table 2.1. Enterococcus isolates as identified by phenotypic and genotypic techniques. Asterisks (*) 
denote one or more weak positive reactions in phenotypic tests 
Code Phenotypic ID Genotypic ID Source 
1 E. faecalis  E. faecalis Adelie penguin faeces 
2 E. faecalis  E. faecalis Adelie penguin faeces 
3 E. faecalis  E. faecalis Adelie penguin faeces 
4 E. faecalis  E. faecalis Adelie penguin faeces 
5 E. faecalis  E. faecalis Adelie penguin faeces 
6 E. faecalis  E. faecalis Sediment 
7 E. faecalis  E. faecalis Water 
8 E. faecalis  E. faecalis Water 
9 E. faecalis  E. faecalis Water 
10 E. durans*  E. faecalis Water 
11 E. faecalis E. faecalis Water 
12 E. faecalis* E. faecalis Water 
13 E. dispar* E. faecalis Water 
14 E. dispar* E. faecalis Water 
15 E. durans*  E. faecalis Water 
16 E. dispar* E. faecalis Water 
17 E. dispar* E. faecalis Water 
18 E. dispar* E. faecalis Sediment 
19 E. faecalis* E. faecalis Adelie penguin faeces 
20 E. dispar* E. faecalis Water 
21 E .faecalis  E. faecalis Water 
22 E. dispar* E. faecalis Water 
23 E. dispar*  E. faecalis Water 
24 E. faecalis* E. faecalis Water 
25 E. dispar  E. faecium Water 
26 E. durans  E. faecalis Water 
27 E. dispar*  E. faecalis Water 
28 E. hirae  E. faecalis Sediment 
29 E. hirae  E. faecalis Water 
30 E. durans*  E. faecalis Depurate (Adamussium) 
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Code Phenotypic ID Genotypic ID Source 
31 E. dispar*  E. faecalis Depurate (Adamussium) 
32 E. faecalis* E. faecalis Water 
33 E. dispar*  E. faecalis Water 
34 E. hirae  E. faecalis Sediment 
35 E. hirae  E. faecalis Sediment 
36 E. hirae  E. faecalis Sediment 
37 E. hirae  E. faecalis Adelie penguin faeces 
38 E. hirae  E. faecalis Adelie penguin faeces 
39 E. casseliflavus E. faecium Sediment 
40 E. casseliflavus E. faecalis Sediment 
41 ? E. faecalis Water 
43 E. dispar  E. faecalis Water 
44 E. dispar  E. faecalis Water 
45 E. casseliflavus E. faecalis Water 
57 E. dispar * E. faecalis Sediment 
58 E. dispar*  E. faecalis Sediment 
59 E. dispar * E. faecalis Sediment 
60 E. dispar  E. faecalis Sediment 
65 E. dispar* E. faecalis Water 
66 E. faecalis  E. faecalis Water 
67 E. flavescens*  E. faecalis Water 
68 ? E. faecalis Water 
69 E. hirae  E. faecalis Water 
70 E. dispar* E. faecalis Water 
72 E. faecalis* E. faecalis Weddell seal faeces 
73 E. durans  E. faecalis Adelie penguin faeces 
75 E. casseliflavus E. faecalis Water 
77 E. dispar* E. faecalis Depurate (Laturnula) 
79 E. dispar* E. faecalis Water 
 
All Enterococcus isolates were cultured on mEI agar from frozen stock. Forty six, 
78% of the isolates, grew in the first inoculation (Table 2.2). A further 2 isolates 
were resuscitated and grew on mEI agar in the second inoculation. The typical 
reaction (blue halo) was observed at least once in 16 (27%) of isolates and in the E. 
faecalis positive control in both tests (Table 2.2). A typical red reaction on mE was 
observed for 28 (47%) of isolates prior to freezing. 
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Table 2.2. Growth morphologies on two selective mediums. mE agar morphologies were recorded 
during initial isolation from fresh samples. mEI agar morphologies were recorded from stocks frozen 
at -80°C. mEI colour reaction results are colour coded according to reaction 
Code mE agar mEI agar 1st plating mEI agar 2nd plating 
Positive 
control red, typical Dark blue halo Dark blue halo 
1 red, typical Dark blue halo Dark blue halo 
2 red, typical Dark blue halo Dark blue halo 
3 red, typical Dark blue halo Dark blue halo 
4 red, typical Light colonies, no halo Dark blue halo 
5 red, typical Light colonies, no halo Dark blue halo 
6 red Light colonies, no halo Maroon, tiny colonies 
7 yellowish Light colonies, no halo Light colonies, no halo 
8 light red Dark blue halo Dark blue halo 
9 dark red Dark blue halo Dark blue halo 
10 yellowish No growth Light colonies, no halo 
11 red, small No growth No growth 
12 red, typical Dark blue halo Dark blue halo 
13 red, small Light colonies, no halo Maroon, tiny colonies 
14 orange Light colonies, no halo Maroon, tiny colonies 
15 pink Maroon, tiny colonies Maroon, tiny colonies 
16 orange Maroon, tiny colonies Light colonies, no halo 
17 red-pink small Light colonies, no halo Light colonies, no halo 
18 orange Light colonies, no halo Maroon, tiny colonies 
19 dark pink Dark blue halo Dark blue halo 
20 pale pink No growth No growth 
21 dark pink Dark blue halo Dark blue halo 
22 red, typical Maroon, tiny colonies Maroon, tiny colonies 
23 red, typical Light colonies, no halo Maroon, tiny colonies 
24 bright orange Light colonies, no halo No growth 
25 pink Dark blue halo Dark blue halo 
26 slow red No growth Light colonies, no halo 
27 light orange No growth No growth 
28 red Maroon, tiny colonies Maroon, tiny colonies 
29 light pink Maroon, tiny colonies Maroon, tiny colonies 
30 red Maroon, tiny colonies Light colonies, no halo 
31 pink Light colonies, no halo Light colonies, no halo 
32 impact 2 pink Maroon, tiny colonies Dark blue halo 
33 impact 2 red Dark blue halo Maroon, tiny colonies 
34 red Maroon, tiny colonies Maroon, tiny colonies 
35 orange - red Maroon, tiny colonies Maroon, tiny colonies 
36 pink centre, fisheye Maroon, tiny colonies Maroon, tiny colonies 
37 dark red No growth No growth 
38 pink Maroon, tiny colonies Maroon, tiny colonies 
39 yellow-orange No growth No growth 
40 red Light colonies, no halo No growth 
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2.4.2 Genotypic Methods 
Sequence analysis of the 16S rRNA gene fragments amplified for each isolate 
showed 57 of 59 (97%) isolates belonged to the E. faecalis sp. group, two (3%) 
isolates belong to the E. faecium sp. group. No single nucleotide polymorphisms 
existed within any isolates’ 16S fragments; i.e. group sequences were 100% 
homologous. E. faecalis group isolates matched (99%) both Enterococcus faecalis 
strain JCM 5803 (NR_040789) and Enterococcus termitis strain LMG 8895 
(NR_042406) 16S rRNA gene sequences. E. faecium group isolates matched (99%) 
Enterococcus faecium strain LMG 11423 (NR_042054). Sequencing of the pheS 
gene fragment confirmed the two E. faecium group isolates (25 and 39) were E. 
faecium, matching 8 sequences in Genbank 99 or 100% (AJ843419.1, AJ843448.1, 
AJ843449.1, AJ843452.1, AJ843453.1, AJ843454.1, AJ843455.1 and AJ843456.1). 
These strains originated from Sweden, Belgium, Ireland, Greece, Germany, Italy and 
Burkina Faso (Naser et al., 2005). Fifty-six of the 57 E. faecalis group isolates (98%) 
were confirmed by pheS sequence as E. faecalis, matching Enterococcus faecalis 
V583 with a maximum identity of 99% or 100%, due to a SNP in 24 isolates at 
nucleotide 1,028 in E. faecalis V583 (NC_004668) pheS subunit alpha. Acceptable 
Code mE agar mEI agar 1st plating mEI agar 2nd plating 
41 orange Light colonies, no halo No growth 
43 Yellow Maroon, tiny colonies Maroon, tiny colonies 
44 white Light colonies, no halo Maroon, tiny colonies 
45 cream No growth No growth 
57 light red Maroon, tiny colonies Maroon, tiny colonies 
58 dark red Maroon, tiny colonies Maroon, tiny colonies 
59 orange Light colonies, no halo Maroon, tiny colonies 
60 pink No growth No growth 
65 orange small No growth No growth 
66 orange large Maroon, tiny colonies Dark blue halo 
67 small red Maroon, tiny colonies Light colonies, no halo 
68 large red Dark blue halo Dark blue halo 
69 orange Light colonies, no halo Dark blue halo 
70 orange Maroon, tiny colonies Maroon, tiny colonies 
72 red Light colonies, no halo Light colonies, no halo 
73 red No growth No growth 
75 red No growth No growth 
77 red-orange brown No growth No growth 
79 red, slow grower Maroon, tiny colonies Maroon, tiny colonies 
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sequence matches were defined as >98% for these genes. PCR amplification using E. 
casseliflavus primers (Naser et al., 2005) resulted in E. faecalis or E. faecium 
products for E. faecalis and E. faecium isolates, respectively.  
Although the isolate 40 16S rRNA sequence matched E. faecalis 99%, placing 
it in the E. faecalis group, a pheS sequence was not obtained, and hence it was not 
possible to confirm identity. This was due to the substantial pheS gene variability. 
For all other isolates, Enterococcus species identification using 16S and pheS 
sequence analysis was rapid (12 hours) and results were consistent. Attempts to 
amplify 16S gene fragments directly from Davis station wastewater samples yielded 
negative results. Davis station wastewater was also interrogated using pheS primers, 
resulting in PCR products that could not be sequenced precisely. 
The partial pheS gene sequences showed a maximum similarity of 87% to 
other species’ sequences in Genbank for E. faecalis and 88% for E. faecium isolates 
in this study. E. faecalis pheS sequences in the present study showed 99.4 to 99.9% 
homology, except isolate 21, which showed a lower homology between 98.4 and 
98.7%. Sequence similarities between E. faecalis and E. faecium  isolates from this 
study were below the 87% threshold. 
The two E. faecium species were isolated from water and sediment samples, 
one from each. Wildlife faecal and Laternula eliptica (bivalve) depurate samples 
contained E. faecalis only. It was found that E. faecalis predominated in water and 
sediment samples, occurring at a frequency of 97% (n = 33) and 86% (n = 14), 
respectively.  
2.4.3 Method Comparison 
The phenotypic classification system incorrectly identified E. faecium isolates 
25 and 39, which were reported as E. dispar and E. casseliflavus, respectively. 
Isolates confirmed as E. faecalis by sequence analysis were reported by the 
phenotypic method as a range of species including E. faecalis, E. durans, E. dispar, 
E. hirae, E. casseliflavus and E. casseliflavus subsp. flavescens (Table 2.1). Of the 59 
isolates, 17 (29%) matched between the two identification methods. This mismatch 
was found to be statistically significant with a P-value of 1.26x10-18, highlighting 
major inconsistencies between the methods.  Enterococcus sp. identification does not 
conform between phenotypic and genotypic techniques. 
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2.5 DISCUSSION  
Presumptive enterococci isolates from mE-EIA agar with a range of 
morphologies were chosen to maximise the diversity of Enterococcus species 
recovered. This resulted in a range of species identified phenotypically. Twenty one 
of the 80 presumptive isolates were identified phenotypically as non-enterococci, 
leaving 59 (74%) true faecal enterococci. mE-EIA agar is highly selective for 
enterococci and is widely used (Leclerc et al., 1996). It is a matter of concern that 
isolates of E. faecalis grew with notably different morphologies and were identified 
as a range of species phenotypically. 
The same 59 enterococci isolates showed different morphologies when resuscitated 
on mEI agar from a frozen state (Table 2.2). The majority (73%) of isolates that were 
able to grow at 41°C were able to be subcultured at 37°C. Subculturing improved the 
frequency of typical blue halo reactions from 11 to 15 isolates. Thirty (51%) still 
showed an atypical reaction after subculture or resuscitation on mE agar or in BHI 
broth, indicating a large false negative rate (U.S. Environmental Protection Agency, 
2009). The relatively low growth rates after the first inoculation on mEI agar may be 
explained by a fault in the incubator, which ran at 44°C rather than 41°C. As these 
enterococci were isolated from Antarctic water and marine sediment, they are 
adapted to cold temperatures, and have probably lost or diminished their capacity to 
grow at higher temperatures. However, 11 isolates were not able to be cultured on 
mEI agar even after resuscitation. Inconsistencies in growth morphology within 
Enterococcus species suggests caution is needed when using mEI agar as a 
presumptive identification step for environmental isolates from extreme climates. 
Identities using phenotypic criteria were inconsistent with that obtained using 
genotypic methods 71% of the time, equalling 40 of the 57 isolates. As gene 
sequences are well characterised within Enterococcus species yet confounding 
results are common in substrate utilisation, sequence results reflect the identities of 
the isolates. A DNA-based identification, in contrast to phenotypic methods, is 
unambiguous and advantageous by reading the unique sequence of the organism 
rather than the phenotypic differential expression of the protein products (Domig et 
al., 2003). Since the control strains validated the test, the 27 isolates with weak 
positive results for one or more carbohydrates may indicate the differences in gene 
expression shown by resuscitating cells of the same strain or species. Damaged, 
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resuscitating cells can express different enzymes to undamaged cells of the same 
strain, resulting in little or no growth under test conditions (Blackburn and 
McCarthy, 2000, Keer and Birch, 2003). However, isolates had been resuscitated 
prior to phenotypic identification, indicating that another mechanism may cause 
ambiguous results for environmental strains. 
Most phenotypic tests facilitate the identification of enterococci, but there are 
some exceptions. The Enterococcus genus itself can be divided into groups of 
species by phylogenetic characteristics, although these groups are only really useful 
for older or very common species. They are not considered reliable for newly 
described species, which differ considerably in growth conditions and substrate 
utilisation (Domig et al., 2003, Svec et al., 2006). Phenotypic methods are only valid 
when searching for ‘classical’ enterococci (Devriese et al., 2006). However, even 
classical enterococci can confound these methods, such as multidrug resistant E. 
faecium strains, which present biochemical profiles similar to other species due to a 
lack of genetic similarity with drug-susceptible E. faecium (Leavis et al., 2003). As 
many of the earlier studies utilised phenotypic identification methods, the gold 
standard remains a combination of both phenotypic and genotypic methods, a 
polyphasic approach. 
Fifty-six of the 58 (97%) Enterococcus isolates were placed in the E. faecalis 
group by 16S genotype, while the remaining 3% were of the E. faecium group. 
Identities were confirmed as 95% E. faecalis and 3% E. faecium by pheS genotyping, 
minus isolate 40, whose pheS sequence was not obtained. This is consistent with 
Naser et al. (2005) and other authors (Junco et al., 2001, Pinto et al., 1999, Stern et 
al., 1994) who found E. faecalis at consistently higher rates than other species, 
followed by E. faecium. The two E. faecium pheS genotypes matched 8 E. faecium 
Genbank sequences 99 to 100%, sequenced by Naser and colleagues, which 
originated from multiple European countries. Studies utilising pheS sequence 
genotyping reported maximum sequence similarity between enterococci species at 
86% (Naser et al., 2005, Svec et al., 2005). The maximum similarity of 87% for both 
E. faecalis and E. faecium isolates in this study to other species is consistent with 
previously published results. Sequences were matched against all entries in Genbank, 
including recently described species, such as E. termitis. This provides further 
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evidence that pheS genotyping is an appropriate tool to differentiate Enterococcus 
species. 
Naser and colleagues reported that strains have at least 97% sequence 
similarity within the pheS fragment. E. faecalis pheS sequences in the present study 
showed homology above this threshold (minimum 98.4%), indicating that all E. 
faecalis isolates may represent a single strain and possibly a single origin. The highly 
similar E. faecalis isolates were detected up to 23.5 km N of Davis station on Barrier 
Island and up to 9.4 km S on Zolotov Island in areas of high Weddell seal or Adelie 
penguin activity (Burton, 2009), well outside the area impacted by sewage release. 
This suggests a commensal partnership with large Antarctic fauna in the study 
region. Firmicutes (including enterococci) are the dominant bacteria in some Arctic 
seal species colons (Glad et al., 2010) and enterococci have been detected by 
Lockwood et al. (2006) on multiple body sites in harbor seals. Studies like these have 
not been conducted on Antarctic seals and penguins. The E. faecalis species is likely 
well adapted to the Antarctic large fauna gastrointestinal niche, out-competing other 
enterococci. 
E. faecalis was found to be the dominant enterococci in all sample types, 
especially wildlife faecal samples. Enterococci have been found in Weddell seal 
scats up to 3.1x105 CFU g [dry weight]1 but were not identified to species level 
(Lisle et al., 2004). Seal scats in the present study did not contain such high numbers 
of enterococci. Enterococci have also been isolated from insects, reptiles, plants, 
water, soil, sewage, fermented foods and dairy products (Svec et al., 2005, Devriese 
et al., 2006, Franz et al., 2011, Angeletti et al., 2001), and as a result are ubiquitous 
in many environments. 
Despite its widespread colonisation of animal gastrointestinal tracts, E. faecium 
was not detected in Antarctic wildlife faecal samples. The E. faecium isolates were 
detected in waters 264 m and 750 m from the Davis station outfall pipe within the 
area known to be impacted by sewage (Leeming et al., In press). It is likely this E. 
faecium strain originated from Davis station sewage and is a widespread human 
commensal microorganism, matching other E. faecium isolate pheS sequences at or 
above the 97% threshold. These matching isolates were detected in Europe (Naser et 
al., 2005, Rahkila et al., 2011, Vihavainen et al., 2007), U.S.A (Qin et al., 2012), 
Australia (Lam et al., 2012) as well as an unpublished sequence (CP004063.1).  
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Faecal enterococci have previously been identified 1-1.5 km S, 1-1.25km N 
and 50-100m W of the Davis sewage discharge point (Stark et al., Unpublished 
Report). Human faecal contamination has been detected in marine sediments to 1 km 
from the Davis sewage discharge, as detected by human-specific faecal sterols 
(Leeming et al., In press). Enterococci in this study were concentrated within 1 km 
from the Davis sewage discharge but also found at a penguin rookery 9.5 km south 
and seal haul-out areas 27 km north. The most distant isolates may have colonised 
seals and penguins and may be commensal organisms, either predating human 
activity or introduced by human activity. Human-associated enterococci are not 
likely to survive long enough to become dispersed over such a wide area. As E. 
faecium was detected in the water samples at sites known to be impacted by human 
sewage release, it is likely these isolates were from station sewage. Individual 
enterococci, however, do not indicate faecal contamination source (Haack et al., 
2009, Layton et al., 2010). Epibiotic communities (sea bed, invertebrates, 
macroalgae) showed no evidence of impact by human sewage within the area known 
to be contaminated by human sewage as detected by faecal sterols and faecal 
indicator bacteria (enterococci, E. coli) (Stark et al., Unpublished Report, Leeming et 
al., In press). The presence of E. faecalis cannot be correlated with the release of 
human sewage by the results of this study.  
Penguin rookeries are known sources of faecal bacteria at above background 
concentrations (Martins et al., 2005, Hughes and Thompson, 2004), although 
concentrations are not as high as in the area immediately surrounding the Davis 
discharge pipe (Stark et al., Unpublished Report). Despite potential confounding 
factors such as the multiplication of certain faecal bacteria in sediment (Obiri-Danso 
and Jones, 1999, Desmarais et al., 2002), protective effects of sediment (Davies et 
al., 1995, Miura et al., 2011) and biofilm formation (Searcy et al., 2006, Macovei et 
al., 2009, Beloin et al., 2008, De Kievit, 2009), broad numbers of enterococci may be 
a better indicator of human faecal contamination than specific Enterococcus species 
in environmental samples receiving animal waste run-off and human waste 
discharge. This is because broad groups of bacteria are specific to communities of 
hosts, such as terrestrial vertebrates, but are often quite distinct between host groups 
(e.g. humans) (Dethlefsen et al., 2007). The human populations within Antarctic 
research stations undergo constant change as individuals arrive on and leave the 
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continent, which may confound source tracking by identification of Enterococcus 
species. Further studies with a wider scope for detection of microorganisms are 
needed to distinguish human faecal contributions from local Antarctic wildlife 
(Byappanahalli et al., 2012). 
Biochemical test-based classification was problematic for the identification of 
E. faecium isolates. Of the 54 isolates identified as E. faecalis by partial 16S and 
pheS sequence, only a third (30%) were correctly identified as the same 
phenotypically. Significance of the discrepancy is illustrated by a P-value of 1.26x10-
18 by single factor ANOVA. While mismatches between phenotypic and genotypic 
identification techniques have been reported previously (Alves et al., 2004, Franzetti 
et al., 2004), such a large discrepancy was not noted. Difficulties identifying rare 
species by phenotypic identification systems are well documented, but common 
species, such as E. faecium and E. faecalis are identified correctly more often 
(Kirschner et al., 2001). Identification techniques are generally expected to agree on 
the most common species. However, species from isolated, pristine locations may 
express significantly different phenotypes as a consequence of adaptation. This 
indicates phenotypic methods do not consistently result in reliable identification of 
enterococci from isolated environmental samples and identification of enterococci 
following presumptive identification using mE-EIA agar must be treated with 
caution, allowing for a range of morphologies. 
PCR is often used as a targeted approach for detection of human commensal 
and pathogenic microorganisms. This requires well-designed primers; both forward 
and reverse primers specific for each target organism. Complex mixtures of 
microorganisms, such as untreated sewage, can inhibit amplification if one or both 
primers are non-specific to the target organisms. A BLAST search using the 16S 
primer sequences found neither the forward or reverse primer to be specific to the 
Enterococcus genus. Consequently, poor primer specificity can result in false 
negative or false positive PCR results (Baker et al., 2003). Since Davis station 
wastewater samples yielded no 16S gene fragments and no reliable pheS sequences, 
its complex mixture of microorganisms likely contributed to the lack of amplification 
with 16S primers. In this case, it is thought that the wastewater likely contained 
Enterococcus DNA and lack of amplification of 16S genes represents a false 
negative result. Using a PCR with a combination of species-specific and non-specific 
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primers followed by sequencing of products would be a useful and simple approach 
and could provide some information on the diversity of the community sampled, 
although community analysis was beyond the scope of this project. 
An approach targeting known human-associated bacteria is effective when 
coupling isolation by culture with identification by genotypic methods, such as PCR. 
The membrane filtration isolation technique utilised (U.S. Environmental Protection 
Agency, 2006) is an effective tool that gave no false positive results. When coupled 
with a consistent sequence-based identification, enterococci from an extreme 
environment can be identified reliably. Such an approach has a narrow focus but can 
be effective with appropriate selection of target bacteria. Another such approach 
without isolation by culture has been recommended by the U.S. EPA. Method A: 
Enterococci in Water by TaqMan Quantitative Polymerase Chain Reaction (qPCR) 
Assay (U.S. Environmental Protection Agency, 2012) utilises a sequence-based 
method and will allow further interrogation by High Resolution Melt analysis and 
sequencing of amplicons if further information is required. While it is rapid 
compared to the isolation by culture, PCR and sequencing approach utilised in the 
present study, potential downstream analyses are limited for U.S. EPA Method A due 
to the limited amount of genomic DNA recovered without culture. The U.S. EPA 
Method A also has a narrow scope due to the focus on one bacterial genus, yet could 
be useful for future studies targeting enterococci at Antarctic research stations. 
As enterococci have been detected in the marine environment in the vicinity of 
Davis station and they are known to encode many antibiotic resistance and virulence 
genes (Devriese et al., 2006, Franz et al., 2011, McBride et al., 2007), it is possible 
that they could contribute to genetic pollution in Antarctica. Fuelling concerns over 
genetic pollution, antibiotic resistance genes have been detected in wastewater from 
Davis station, including resistance genes to streptomycin, spectinomycin and 
trimethiprim. For example, the filter feeding bivalve Laternula eliptica has been 
found to contain E. coli harbouring antibiotic resistance genes (Stark et al., 
Unpublished Report). It has been stated by Stark and colleagues (Unpublished 
Report) that sewage and other contaminant by-products of human activity, including 
genetic pollution, are making their way into the food chain in the community around 
Davis station. As resistance genes can be transferred by plasmids also encoding 
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virulence genes, a direct environmental impact may be increased virulence in native 
wildlife (Gilmore et al., 2013). 
Human faecal bacteria remain a concern for the operators of research stations 
in Antarctica, who as signatories of the Antarctic Treaty are required to minimise all 
human impacts on the environment.  
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Chapter 3: Antibiotic Resistance in 
Enterococci Isolated in the 
Vicinity of Davis Station, 
Antarctica  
3.1 ABSTRACT 
Dissemination and acquisition of antibiotic resistance genes by pathogenic 
bacteria is a major global concern. Antarctica, considered the most pristine continent, 
is accorded special protection measures to avoid contamination from human 
activities. These measures, however, may not entirely eliminate impacts by the 
release of untreated wastewater by many research stations, including Australia’s 
Davis station. Members of the Enterococcus genus are commonly used as faecal 
indicator bacteria in environmental monitoring and are also opportunistic pathogens 
and the second leading cause of nosocomial infections. Fifty-nine Enterococcus 
isolates from the marine environment in the vicinity of Davis station were 
investigated for antibiotic resistance genes, particularly vancomycin resistance. 
Seventeen isolates (29%) were resistant to one or more antibiotics (vancomycin, 
teicoplanin and ampicillin). Ten isolates (17%) were highly vancomycin-resistant 
with a multidrug-resistant phenotype, yet no genes conferring high-level vancomycin 
resistance were detected by PCR, although three of the ten isolates encoded the low-
level vancomycin-resistance gene VanC4. Four Enterococcus faecalis isolates, two 
from contaminated and two from uncontaminated areas, were sequenced for genomic 
analysis. The genomes of two isolates from contaminated areas displaying a highly 
vancomycin-resistant phenotype were found to be structurally similar to the genome 
of pathogenic E. faecalis V583, while two vancomycin-susceptible isolates from 
uncontaminated areas were similar in structure to commensal E. faecalis strains. 
Despite differences in genome structure and antibiotic resistance phenotypes, all four 
isolates encoded virulence and resistance genes with similar sequences. However, 
high level vancomycin and ampicillin resistance genes could be attributed to human 
activity and sewage release from Davis station. 
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3.2 INTRODUCTION 
Antarctica is widely considered a pristine environment, however, 
anthropogenic contamination is an ongoing problem (Hughes et al., 2013, Aronson et 
al., 2011). Currently, guidelines are in place to minimise the introduction of foreign 
genetic elements associated with clinical microorganisms but an important exception 
relating to sewage release is permitted (Annex III (Waste Disposal and Waste 
Management), 1991, Smith and Riddle, 2009). The release of wastewater and sewage 
in Antarctica remains a common practice by the majority of stations (Gröndahl et al., 
2009). Australia’s southern most research station and one of the largest on the 
continent by population, Davis, has released untreated, macerated wastewater onto 
the near-shore environment since 2005 (James Smith, personal communication) 
following the failure of its wastewater treatment system. 
Among the microorganisms released by humans are enterococci, which form 
part of the normal flora in all mammalian gastrointestinal tracts (GITs) (Paulsen et 
al., 2003, De Vuyst et al., 2003, Devriese et al., 2006, Naser et al., 2005). 
Enterococci are also often found in water, sewage, food and in soil; often due to 
faecal contamination (Franz et al., 2011, Naser et al., 2005, Paulsen et al., 2003). The 
enterococci are well equipped to survive in harsh environments; they resist 
dessication, temperature and pH extremes, oxidative stress, are resistant to 
antimicrobial agents, detergents, bile and salt (Deasy et al., 2000, Devriese et al., 
2006). Their survivability, ubiquity in human (and animal) GITs and ease of 
detection has lead to their widespread use as faecal indicators for water quality 
monitoring. This intrinsic resistance to stresses allows enterococci to persist in 
hospital and other adverse environments and thereby aids their potential transmission 
and infection (McBride et al., 2007, Paulsen et al., 2003). Evidence suggests 
enterococci belong to two clades: hospital environment and non-hospital community 
clades, which differ genetically and may have diverged 300,000 to 1 million years 
ago (Hollenbeck and Rice, 2012). As enterococci are found in gastrointestinal tracts 
of diverse taxa including mammals, reptiles and insects, it has been suggested that 
exposure to naturally-produced antibiotics from soils ingested by some taxa lead to 
early acquisition of some antibiotic resistance genes (Gilmore et al., 2013). More 
recent divergence of hospital- and community-clades may have occurred due to the 
accumulation of prophage and plasmid sequences in some strains, causing genomic 
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destabilisation and conferring antibiotic resistance and increased virulence in some 
hosts (Gilmore et al., 2013). 
Genomic destabilisation is thought to occur via the accumulation of foreign 
DNA sequences. The absence of targeted protection mechanisms against foreign 
DNA, such as CRISPR (comprised of regularly interspaced short palindromic 
repeats) elements (Souza et al., 2006), likely enhances their ability to swap or gain 
genetic elements and equips these organisms to survive in areas of heavy antibiotic 
usage such as hospitals, which has lead to their status as common hospital-acquired 
(nosocomial) pathogens (Bourgogne et al., 2008, Gambarotto et al., 2000). E. 
faecalis has an exceptional propensity for acquisition of antibiotic resistance genes 
and virulence factors via horizontal gene transfer (HGT). As a consequence, E. 
faecalis is often intrinsically resistant to multiple antibiotics (Devriese et al., 2006, 
Franz et al., 2011). Enterococci with functional CRISPR elements are less likely to 
acquire and disseminate genetic elements (Souza et al., 2006). 
Enterococci are known to encode a range of antibiotic resistance and virulence 
genes, enhancing pathogenicity and survivability. Vancomycin resistance gene 
clusters VanA, VanB, VanC-1 and VanC2/3 are normally found in clinically 
important strains of a number of enterococci; E. faecalis, E. faecium, E. dispar, E. 
hirae, E. raffinosus, E. gallinarum and E. cassseliflavus (Angeletti et al., 2001, 
Devriese et al., 2006, Hanaki et al., 2004). VanD, E, G, M and N genotypes are also 
known but are not prevalent in clinical environments (Courvalin, 2006, Depardieu et 
al., 2007). Antibiotic resistance ranges from low to high minimum inhibitory 
concentration (MIC), or resistance phenotype, via a number of genes encoding 
similar mechanisms involving the modification of peptidoglycan precursors, detailed 
below. 
Resistance to the glycopeptides vancomycin and teicoplanin ranges from low 
to high among the glycopeptide resistance genotypes VanA, B, C, D, E and G, which 
can be plasmid-borne, chromosomal or both (Table 3.1) (Courvalin, 2006, Depardieu 
et al., 2007, Schouten et al., 1999). The VanC-type gene is considered specific to E. 
gallinarum and E. casseliflavus (Harwood et al., 2001), yet has been detected in 
isolates of E. faecalis and E. faecium by multiplex PCR (Malathum and Murray, 
1999). Three VanE-type E. faecalis isolates have been detected in Australia but the 
mechanism of their acquisition is unknown (Abadia-Patino et al., 2004). 
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Table 3.1. Characteristics of common vancomycin resistance genotypes. Information derived from 
(Courvalin, 2006, Depardieu et al., 2007, Schouten et al., 1999). 
Genotype  Level of 
Resistance 
Minimum Inhibitory 
Concentration (mg/mL) 
Location 
VanA  High  64 ‐ 1000  Plasmid and chromosomal 
VanB  Moderate to high  4 ‐ 1000  Plasmid and chromosomal 
VanC  Low  2 ‐ 32  Chromosomal 
VanD  Moderate  64 ‐ 128  Chromosomal 
VanE  Low  16  Chromosomal 
VanG  Low  8 ‐ 32  Chromosomal 
 
Some strains of E. faecalis can rapidly acquire genetic elements via HGT as 
indicated by their genomes comprising a substantial proportion of mobile genetic 
elements. E. faecalis V583, a clinical isolate, encodes VanB genes in a mobile 
genetic element. More than 25% of the E. faecalis V583 genome is comprised of 
mobile genetic elements (Paulsen et al., 2003) while the genome itself is reordered 
with respect to other species in the genus, illustrating E. faecalis V583’s ability to 
acquire and disseminate antibiotic resistance genes has destabilised the genome 
(Gilmore et al., 2013). 
Environmental microbial communities are thought by many to be the 
evolutionary origin of antibiotic resistance genes and may have originated from 
organisms that produce the same antibiotics in the environment (Dantas and 
Sommer, 2012, Gillings and Stokes, 2012). Since organisms that produce antibiotics 
cannot be susceptible to them as they would likely decrease their own fitness, 
resistance genes are likely as old as the antibiotics. Environmental resistance 
originated before modern use of antibiotics (Dantas and Sommer, 2012) and the 
acquisition of vancomycin-resistance genes may have been an ancient event 
(Courvalin, 2005). The in situ production of antibiotics in soils exerts selective 
pressure on surrounding organisms to evolve resistance mechanisms (Dantas and 
Sommer, 2012). Streptomyces toyacaensis produces glycopeptides and possesses 
homologues to vancomycin-resistance genes in enterococci. Other glycopeptide 
producers also harbour homologous resistance genes (Courvalin, 2005), however, 
there is little evidence to date supporting the exchange of resistance genes between 
human pathogens and environmental microbial communities (Dantas and Sommer, 
2012). Phenotypically similar resistance mechanisms lack resistance gene sequence 
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homology, creating uncertainty as to whether these genes are undergoing current or 
recent exchange, although clear evidence is available supporting the recent exchange 
of some resistance genes between pathogens and normal flora of humans and animals 
(Dantas and Sommer, 2012). Transfer of VanA genes has also been demonstrated 
between donor and recipient E. faecium strains within mice guts with normal human 
microbiota (Mater et al., 2005). 
The prevalence of resistance genes detected in the soil environment has 
increased over the last century, indicating it may facilitate persistence of resistance 
genes (Dantas and Sommer, 2012) or detection techniques and studies are more 
sophisticated, yet a link with anthropogenic antibiotic use has not been established. 
Anthropogenic practices including contamination of aquatic and soil environments 
with high levels of antibiotics, resistance genes, antibiotic resistant microorganisms 
and widespread use of antibiotics in livestock production can be expected to promote 
the transfer of resistance genes between environmental and pathogenic reservoirs 
(Dantas and Sommer, 2012). 
Introduction and dissemination of antibiotic resistant bacteria and associated 
genetic elements into the Antarctic marine environment is of great concern, and if 
non-native and known to have a negative environmental impact via increased 
virulence, is in contravention of the Protocol on Environmental Protection to the 
Antarctic Treaty (Annex III (Waste Disposal and Waste Management), 1991).  
The aims of this study were to: 
o Gain an understanding of the potential dissemination and persistence 
of genetic elements, such as antibiotic resistance genes, that can be 
attributed to human waste release, and determine whether select 
antibiotic resistance genes are present within Antarctic wildlife that 
come into contact with sewage-impacted areas. 
o Investigate antibiotic resistance genes associated with vancomycin 
resistance phenotypes displayed by Enterococcus isolates and 
determine putative origins of the genes based on sequence and 
genomic similarities to clinical pathogens and other enterococci. 
To address these aims, this study investigated antibiotic resistance mechanisms 
in enterococci isolated from pristine areas, sewage-impacted areas and wildlife scats 
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collected in the vicinity of Davis station, Antarctica. Enterococci were identified 
previously as consisting of two species, E. faecalis and E. faecium, the vast majority 
identified as E. faecalis (Chapter 2:). These isolates were further characterised by the 
investigation of phenotypic resistance, presence of vancomycin-resistance genes and 
genome sequencing and annotation. 
3.3 METHODS 
3.3.1 Sample Collection 
Enterococci were isolated from water, sediment and animal scats collected in 
the vicinity of Davis station and identified according to Chapter 2: Identification of 
Enterococcus spp. Isolated from Antarctic Sediment (Section 2.3.1 – 2.3.2). 
3.3.2 Calibrated Dichotomous Sensitivity (CDS) Method for Phenotypic 
Resistance 
The CDS agar dilution method (including all associated quality assurance) was 
used to test susceptibility to the antibiotics vancomycin, teicoplanin, ampicillin, 
streptomycin and gentamicin following the CDS manual 7th edition (Bell et al., 
2009). Concentrations of antibiotic discs were: vancomycin 5 µg, teicoplanin 15 µg, 
ampicillin 5 µg, gentamicin 200 µg and streptomycin 300 µg. Antibiotic discs were 
placed aseptically onto the agar surface using 100% ethanol sterilised forceps. 
Ampicillin-resistant isolates were tested for expression of the beta-lactamase gene 
using the Cefinase® test according to manufacturer’s instructions. Results were read 
and recorded according to the CDS manual 7th edition. High level resistance was 
defined as growth to the edge of an antibiotic disc. 
3.3.3 PCR and Sequencing of Resistance Genes 
Isolates were resuscitated in BHI broth at 41°C for 24 h and DNA extracted 
according to the Qiagen Blood and Tissue Kit ‘pre-treatment for Gram-Positive 
bacteria’ followed by DNA purification in a Qiagen (Corbett) X-tractorgene® CAS 
1820 robot according to manufacturer’s instructions. DNA extracted previously (see 
section 2.3.3) was used to minimise isolate subculturing and potential plasmid loss. 
DNA was extracted from 10 positive control strains; E. faecium VanA x 2 
(37593-1668 and 45195-3680), E. faecium VanB x 2 (454688-2376 and 45831-
6689), E. faecalis VanB x 2 (41841-1951 and 39653-7063), E. raffinosus VanA x 1 
(17101-7095), E. gallinarum VanB/C1 x 1 (3875-9038), E. gallinarum VanC1 x 1 
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(M38) and E. casseliflavus VanC2/3 x 1 (M308) using the DNeasy Blood and Tissue 
Kit (Qiagen) following the ‘Pretreatment for Gram-Positive Bacteria’ protocol. Four 
positive controls were selected from these; E. faecium VanA (45195-3680), E. 
faecalis VanB (41841-1951), E. gallinarum VanC1 (M38), E. casseliflavus VanC2/3 
(M308) for use in uniplex PCRs adapted from Dutkamalen et al. (1995) with the 
following modifications; 25 µL reaction volumes including 5 µL reaction buffer, 0.2 
µL MyTaq® DNA polymerase, 2 µM MgCl2, forward and reverse primers at 0.4µM 
each and 20 ng template DNA. PCRs were performed as uniplex reactions to 
maximise sensitivity. Products were visualised on 1.5% agarose gels stained with Gel 
Red®.  
PCR products were purified using the Bioline ISOLATE® PCR and Gel Kit 
according to manufacturer’s instructions, followed by cycle sequencing using 
BigDye® V3.1 chemistry (Applied Biosystems). PCR and cycle sequencing were 
carried out using an Eppendorf ep gradient S® PCR machine. Labelled products 
were cleaned by ethanol precipitation according to the BigDye® Terminator Cycle 
Sequencing Kit protocol (Applied Biosystems, 2002). Fragment sequences were 
determined using an ABI 3500 Genetic Analyser. 
3.3.4 Next-Generation Sequencing of Genomes 
Four isolates; E. faecalis 3, 44, 67 and 75, exhibiting a range of antibiotic 
resistance phenotypes and genotypes were selected for genomic sequencing using an 
Ion Proton (Life Technologies) next generation sequencer. The same sample DNA 
used for PCRs previously was sheared, libraries created, barcoded and loaded onto a 
P1 chip with 200 bp sequence chemistry and run according to manufacturer’s 
instructions (Life Technologies). Data was analysed using CLC Genomics 
Workbench (CLC Bio version 6) to trim sequences, perform de novo syntheses and 
map reads with reference to the genomes of E. faecalis V583 (NC_004668), E. 
faecalis OG1RF (NC_017316) and E. casseliflavus EC20 (NC_020995) downloaded 
from Genbank. Multiple kmers (motif word of length k observed more than once in a 
sequence) were tested to achieve the greatest contig (contiguous sequence) lengths 
and N50 (statistical measure of average length). Contigs were used to BLAST search 
the NCBI database utilising CLC Genomics software. 
Additional sequencing of the genome of E. faecalis 67 was performed on an 
Ion Torrent PGM (Life Technologies) next generation sequencer using a 400 bp 
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chemistry kit. Sequence data was analysed as described above. Synthesised contigs 
were re-ordered and aligned using Progressive Mauve against three genomes: E. 
faecalis V583 (NC_004668), E. faecalis OG1RF (NC_017316) and E. casseliflavus 
EC20 (NC_020995). BLAST searches for 28 selected genetic elements (Table 3.4) 
and BLAST at NCBI were performed on all four isolates using CLC Genomics 
Workbench. 
3.4 RESULTS 
3.4.1 Phenotypic Antibiotic Resistance Profiles 
Seventeen of the 59 isolates (29%), E. faecalis isolates 15, 18, 31, 34, 40, 41, 
43, 44, 45, 57, 60, 65, 66, 67, 75 and 77, and E. faecium 39, were resistant to one or 
more antibiotics tested. Ten isolates, E. faecalis 40, 41, 43, 45, 60, 65, 66, 67 and 75, 
and E. faecium 39, were found to be highly vancomycin-resistant. A further two 
displayed a moderate level of resistance while remaining susceptible to teicoplanin. 
Fifteen isolates were resistant to ampicillin but no isolates displayed high level 
aminoglycoside resistance via resistance to streptomycin and gentamicin (Table 3.2). 
Of the fifteen ampicillin-resistant isolates, three showed positive reactions for 
expression of beta-lactamase using the Cefinase® test. The remaining two isolates 
with an ampicillin-resistant phenotype were negative for beta-lactamase expression 
using the Cefinase® test. Highly vancomycin-resistant isolates (zero cm zone of 
inhibition around vancomycin disc) were predominantly multidrug-resistant. Of the 
vancomycin-susceptible isolates, the majority were also susceptible to teicoplanin, 
ampicillin and aminoglycosides. Of the two E. faecium isolates, isolate 39 displayed 
the VanA phenotype via high level resistance to vancomycin and teicoplanin, and 
was resistant to ampicillin. E. faecium 25 was susceptible to all antibiotics tested. 
The remaining highly vancomycin-resistant isolates (nine) were all E. faecalis (Table 
3.2). 
Multidrug-resistant isolates were found to be predominantly concentrated in 
the immediate vicinity of the Davis station sewage outfall. Nine of the ten multidrug-
resistant isolates, all highly vancomycin-resistant, were present within 1 km of the 
discharge pipe. One multidrug-resistant isolate, E. faecalis 43, was found in water 
near a penguin rookery (Zolotov Isl.) 9.44 km South of the Davis outfall, while four 
of the ten multidrug-resistant isolates, E. faecalis 65, 66, 67 and 75 were found 
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within 50m of the sewage outfall. The majority of isolates from water, sediment and 
faeces in pristine areas, seal haul-out areas and penguin rookeries were susceptible to 
all antibiotics tested. The seven remaining isolates from un-impacted areas resistant 
to either one or two antibiotics (vancomycin, teicoplanin, ampicillin or gentamicin), 
E. faecalis 15, 18, 31, 34, 44, 57 and 77 ranged from within 500 m of the outfall to 
10 km from the outfall (Figure 3.1). The locations of multidrug-resistant isolates 
with respect to their presence in the vicinity of the Davis station outfall indicate their 
introduction by untreated sewage release. 
Table 3.2. Phenotypic antibiotic resistance profiles from the CDS test. Multidrug resistance patterns 
are highlighted in red; isolates resistant to one or two drugs are highlighted in yellow. Controls 
include standard CDS negative control, E. faecalis ACM 5184; ten vancomycin-resistant hospital 
isolates of varying resistance phenotypes. 
# = diffuse growth to disc; * = sharp edge of growth.  
+ Scallop depurate collected from Adamussium colbecki; bivalve depurate collected from Laturnula 
elliptica. 
Isolate  Sample Matrix 
Distance to 
Outfall (m) 
Annular Radius Around Antibiotic Disc (mm) 
Vancomycin  Teicoplanin  Ampicillin  Gentamicin  Streptomycin 
E. faecalis ACM 
5184 
CDS control 
isolate (negative)  NA  3  4  6  9  6 
E. raffinosus 
7095 VanA 
Hospital control 
isolate  NA  0  2  0  9  NA 
E. faecium 3680 
VanA 
Hospital control 
isolate  NA  0  0  0  0  NA 
E. faecium 1168 
VanA 
Hospital control 
isolate  NA  0  0  0  0  NA 
E. faecium 6689 
VanB 
Hospital control 
isolate  NA  4  4.5  0  0  NA 
E. faecium 2376 
VanB 
Hospital control 
isolate  NA  2  5  0  6  NA 
E. faecalis 1951 
VanB 
Hospital control 
isolate  NA  4  4.5  6  0  NA 
E. faecalis 7063 
VanB 
Hospital control 
isolate  NA  3  4.5  6  0  NA 
E. gallinarum 
9038 VanB, C1 
Hospital control 
isolate  NA  2  5  7  9  NA 
E. gallinarum 
M38 VanC1 
Hospital control 
isolate  NA  3  7  4  12  NA 
E. casseliflavus 
M308 VanC2/3 
Hospital control 
isolate  NA  3  5  6  12  NA 
E. faecalis1 
Adelie penguin 
faeces  3625  3  4  5  8  NA  
E. faecalis 2 
Adelie penguin 
faeces  23515  3.5  4.5  6  9  NA  
E. faecalis 3 
Adelie penguin 
faeces  3325  4  5  7  10  NA  
E. faecalis 4 
Adelie penguin 
faeces  10295  4  4  6  11  NA  
E. faecalis 5 
Adelie penguin 
faeces  10295  4  4.5  6  7  NA  
E. faecalis 6  Sediment  270  3.5  4  7  7  NA  
E. faecalis 7  Water  10  3  4  12  19  NA   
E. faecalis 8  Water  160  3  4  9  20  NA   
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Isolate  Sample Matrix 
Distance to 
Outfall (m) 
Annular Radius Around Antibiotic Disc (mm) 
Vancomycin  Teicoplanin  Ampicillin  Gentamicin  Streptomycin 
E. faecalis 9  Water  160  3  4.5  5  9  NA   
E. faecalis 10  Water  160  4  4  14  11*  9* 
E. faecalis 11  Water  47  4  3.5  11  11*  9* 
E. faecalis 12  Water  102  3.5  4  14  12  NA   
E. faecalis 13  Water  500  3.5  4  6  8  6 
E. faecalis 14  Water  9440  4  4  9  11  9* 
E. faecalis 15  Water  9440  4  4 hazy  5*  16  NA   
E. faecalis 16  Water  2240  3.5  4.5  14  15  NA   
E. faecalis 17  Water  2240  4.5  4  19  16  NA   
E. faecalis 18  Sediment  8824  3  3  5*  14  11 
E. faecalis 19 
Adelie penguin 
faeces  3625  3.5  5  9  10  NA   
E. faecalis 20  Water  20560  4  4  13  13  10 
E. faecalis 21  Water  10300  4  4  17  9  6 
E. faecalis 22  Water  1000  4  4  18  12*  10* 
E. faecalis 23  Water  1000  3  3  18  16  NA   
E. faecalis 24  Water  750  3.5  4  7  16  NA   
E. faecium 25  Water  750  5  5  7  7*  NA   
E. faecalis 26  Water  750  4.5  4  11  12  NA   
E. faecalis 27  Water  750  5  5  18  15  NA   
E. faecalis 28  Sediment  8824  4  4.5  9  13  NA   
E. faecalis 29  Water  118  4  4  3  15  NA   
E. faecalis 30  Scallop depurate+  370  4.5  5  18  14  NA  
E. faecalis 31  Scallop depurate+  370  4 hazy  4  6  4  NA   
E. faecalis 32  Water  33  3  3  19  17  NA   
E. faecalis 33  Water  33  4  4  6  14  NA   
E. faecalis 34  Sediment  2  4  5  5*  16*  NA   
E. faecalis 35  Sediment  2  4  4  11  13  NA   
E. faecalis 36  Sediment  2  4  5  5  14  NA   
E. faecalis 37 
Adelie penguin 
faeces  3325  4.5  6  19  17  NA   
E. faecalis 38 
Adelie penguin 
faeces  3325  4  4  12  12  NA   
E. faecium 39  Sediment  270  0  0  7#  11  6 
E. faecalis 40  Sediment  270  0  0  4#  10  8 
E. faecalis 41  Water  500  0  0  4#  10  8 
E. faecalis 43  Water  8824  0  0  6#  10  8 
E. faecalis 44  Water  8824  3  2 hazy  16  13*  NA   
E. faecalis 45  Water  1000  0  0  1#  10  8 
E. faecalis 57  Sediment  286  3.5  4  5.5*  14*  NA   
E. faecalis 58  Sediment  270  4  3 hazy  17  15  NA   
E. faecalis 59  Sediment  270  3.5  2.5  5  14  NA   
E. faecalis 60  Sediment  270  0  0  1#  11  9 
E. faecalis 65  Water  47  0  0  1#  10  10 
E. faecalis 66  Water  47  0  0  1#  10  8 
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Isolate  Sample Matrix 
Distance to 
Outfall (m) 
Annular Radius Around Antibiotic Disc (mm) 
Vancomycin  Teicoplanin  Ampicillin  Gentamicin  Streptomycin 
E. faecalis 67  Water  2  0  0  1#  10  9 
E. faecalis 68  Water  2  3  4  9  8  NA   
E. faecalis 69  Water  254  4.5  4  18  15  NA   
E. faecalis 70  Water  1376  4  5  14  13  NA   
E. faecalis 72 
Weddell seal 
faeces  15925  3  3  8  9  NA   
E. faecalis 73 
Adelie penguin 
faeces  23515  4  4.5  13  12*  NA   
E. faecalis 75  Water  33  0  0  1#  10  9 
E. faecalis 77  Bivalve depurate+  35  3  2  7*  13*  NA   
E. faecalis 79  Water  741  3.5  4  16  15  NA   
 
The majority of animal (faecal or depurate) enterococci were susceptible to all 
antibiotics. However, a scallop depurate (Adamussium colbecki) isolate, E. faecalis 
31, was found to be low-level vancomycin-resistant. The scallop was collected 367 
m from the outfall. Laternula eliptica (bivalve) depurate E. faecalis 77 was 
teicoplanin- and ampicillin-resistant but not vancomycin-resistant and was collected 
35 m from the outfall. 
 
Figure 3.1. Enterococci isolates resistant to one or more antibiotics in relation to the distance from 
Davis station’s sewage outfall. A distance up to 12 km is shown because no antibiotic resistant 
enterococci were isolated beyond this distance. 
3.4.2 Vancomycin Resistance Genes Encoded 
All isolates were investigated for the presence of vancomycin resistance ligase 
genes vanA, vanB, vanC1 and vanC2/3 by Sanger sequencing of PCR products. Six 
water isolates of E. faecalis, 22, 44, 45, 65, 67 and 68, encoded the E. casseliflavus 
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vanC4 gene as amplified by VanC2/3 primers first used by Duktamalen et al. (1995). 
Of these six VanC4 isolates, five, E. faecalis 22, 45, 65, 67 and 68, were from within 
1 km of the outfall, while E. faecalis 44 was from water in the vicinity of the Zolotov 
Isl. penguin rookery 9.44 km south of the outfall. VanA, VanB and VanC1 genes 
were not detected in any isolates despite the high-level and moderate resistance 
phenotypes observed during CDS testing (Figure 5.10 to Figure 5.18 Appendix B:). 
3.4.3 Next-Generation Sequencing and Genome Structure 
Four isolates were chosen for genomic sequencing that represented a range of 
resistance phenotypes and locations around Davis station. Enterococcus faecalis 3, 
isolated from a fresh penguin scat in a penguin rookery on Zolotov Isl, 
approximately 9 km south of Davis station, was susceptible to all antibiotics tested 
and did not encode any vancomycin-resistance genes. Water in the vicinity of the 
same rookery yielded E. faecalis 44, which was resistant to teicoplanin and encoded 
the VanC4 gene. E. faecalis 67 was isolated from water collected from the shore 
directly underneath the sewage outfall, within the most heavily sewage impacted 
area. E. faecalis 75 was isolated from water 10 m S of the outfall, also within the 
most heavily impacted area. E. faecalis 67 and 75 were highly resistant to 
vancomycin, teicoplanin and ampicillin, with the VanC4 gene only detected in E. 
faecalis 67 and no vancomycin-resistance genes found in E. faecalis 75. 
The 4 raw sequence data sets with average read length just over 100 bp were 
barcoded and generated by an Ion Proton using a P1 chip, resulting in 6.8 gigabases 
of data from the one chip (Table 3.3). Success in de novo genome reconstruction was 
limited by the short read lengths by the Ion Proton NGS. However, as complete 
genome reconstruction typically requires the combination of several sequencing 
platforms. 
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Table 3.3.  Raw sequence and de novo assembly data. Both Ion Proton and Ion Torrent PGM data are 
shown for E. faecalis 67; above and below, respectively. De novo assemblies completed using CLC 
Genomics. 
  Raw Sequence Data (Ion Proton) De novo Contigs (bp) 
Isolate 
Number of 
Reads 
Average 
length (bp) 
Total 
(Mb) Count N50 
Longest 
Contig 
E. faecalis 3 8,723,410 105.6 921 401 59,627 201,859 
E. faecalis 44 26,798,717 106.3 2849 3,077 6,141 208,128 
E. faecalis 67 
20,015,417 
5,984,288 
106.3 
314.0 
2128 
1879 2,202 71,956 321,498 
E. faecalis 75 8,447,596 105.0 887 1,071 51,976 169,267 
 
E. faecalis 3 (penguin scat) contigs matched all five E. faecalis complete genomes on 
Genbank; the greatest contig hit of 35,163 bp matched the E. faecalis V583 genome. 
Other significant contig matches include E. faecium 004, E. faecalis pathogenicity 
island and several E. faecalis plasmids (Table 5.2 Appendix C). E. faecalis 44 
matched the same five E. faecalis complete genomes, E. faecalis pathogenicity 
island, ten E. faecalis plasmid sequences, 4 Staphylococcus sp. plasmid sequences 
and contig matches to several Staphylococcus genomes (Table 5.2 Appendix C). E. 
faecalis 67 again matched all five E. faecalis complete genomes but also matched the 
E. casseliflavus EC20 genome to a similar extent. Significant hits in terms of contig 
length for E. faecalis 67 also include E. faecalis V583 prophage sequences, many 
plasmids and the E. casseliflavus VanC4 gene (Table 5.2 Appendix C). E. faecalis 75 
contigs matched the same five E. faecalis complete genomes and seven E. faecalis 
plasmids (Table 5.2 Appendix C). Matches also included E. coli W635 insertion 
sequence JN 412066, Klebsiella pneumonia strain BB1088 plasmid B1019 and 
Raoultella ornitholytica B6, all organisms closely related to one another. 
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E. faecalis 3         E. faecalis 44 
 
 
 
 
 
 
E. faecalis 75          E. faecalis 67 
Figure 3.2. Isolate genomes aligned to references OG1RF and V583 by Progressive Mauve. Left to right: E. faecalis 3, 44, 75 and 67. Alignments on the left used the OG1RF 
genome (E. faecalis 3 and 75); alignments on the right used the V583 genome (E. faecalis 44 and 67).
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Reconstructed contigs from de novo syntheses were re-ordered in reference to 
the complete genomes E. faecalis V583, E. faecalis OG1RF and E. casseliflavus 
EC20. The structure and length of each E. faecalis isolate genome corresponded to 
the number of reads generated by the Ion Proton sequencer. E. faecalis 44 and 67, for 
which over twenty million reads were generated each, appeared to have larger 
genomes than E. faecalis 3 and 75, for which eight to nine million reads each were 
generated. E. faecalis 3 was found to align more closely to the OG1RF genome than 
the V583 genome (see Figure 3.2 above). Alignment to the E. casseliflavus EC20 
genome was extremely fragmented and discontinuous while aligning continuously to 
both E. faecalis genomes. The reconstructed E. faecalis 3 genome was approximately 
2.9 megabases in length. Comparison with the OG1RF genome revealed no 
sequences corresponding to the CRISPR element in OG1RF, however short matches 
to three of the four CRISPR genes were found by BLAST search (Table 3.4, below). 
Comparison to the E. faecalis V583 reference genome indicated that prophages 2, 3, 
4 and 6 present in V583 are also incorporated into the E. faecalis 3 genome. BLAST 
searches for these features resulted in detection of only prophage 3. Sections of the 
V583 pathogenicity island were present in the E. faecalis 3 genome but the full 
sequence was not. 
Table 3.4. Genes and sequences including antibiotic resistance and virulence genes detected by 
BLAST among the four sequenced E. faecalis isolates. Yellow highlighted ‘Large’ values refer to 
sequence matches over 500 bp in length encoded on multiple contigs. Grey highlighted ‘Small’ values 
refer to sequence matches less than 500 bp in length encoded on multiple contigs. 
E. faecalis Isolate  Gene or Sequence Matches by BLAST 
3  44  67  75  Gene  Accesion  Function 
Small  Small     Small  AAC(6')‐APH(2')  M13771 
High level aminoglycoside 
resistance 
Small  Small  Large  Small  beta‐lactamase blaZ  M60253 
beta lactamase (ampicillin 
resistance) 
Large  Small  Large     CRISPR cas1  AEA93092.1 
CRISPR‐associated protein 
cas1 
         Large  CRISPR cas2  AEA93093.1 
CRISPR‐associated protein 
cas2 
Large  Large  Large  Large  CRISPR csn1  AEA93091.1 
csn1 family CRISPR‐
associated protein 
Large  Small  Large  Large  CRISPR csn2  AEA93094.1 
csn2 family CRISPR‐
associated protein 
Large  Large  Large  Large  DS5 plasmid tetL  NC_005013 
efflux pump / tetracycline 
resistance 
Small  Large  Large  Small  tetM  X92947 
ribosomal protection / 
tetracycline resistance 
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E. faecalis Isolate  Gene or Sequence Matches by BLAST 
3  44  67  75  Gene  Accesion  Function 
Large  Large  Large  Large 
E. faecalis 
pathogenicity island  AF454824.1    
           
ermB regulator and 
adenine methylase  U86375 
adenine methylase/ 
erythromycin resistance 
           
fsrB accessory gene 
regulator  EF1821  accessory gene regulator 
Large  Large  Large  Large  gelatinase (gelE)  D85393  gelatinase 
Large  Large  Large  Small 
Plasmid pRE25 E. 
faecalis  X92945.2 
plasmid cat chloramphenicol 
acetyl‐transferase 
            V583 Prophage 1     Prophage 
            V583 Prophage 2     Prophage 
Large  Large  Large  Large  V583 Prophage 3     Prophage 
            V583 Prophage 4     Prophage 
            V583 Prophage 5     Prophage 
            V583 Prophage 6     Prophage 
            V583 Prophage 7     Prophage 
      Small     VanA  X56895.1 
E. faecium plasmid pOP816 
ligase 
            VanB  AE016830.1  VanB V583 
Small      Small     VanC1  AF162694.1 
E. gallinarum VanC gene 
cluster 
   Small   Small     VanC2  EU151758.1 
E. casseliflavus e588 VanC2/3 
cluster 
Small  Small  Large  Small  VanC4  EU151753.1 
E. casseliflavus eS852 VanC4 
cluster 
Small  Small  Small  Small  VanD  AY082011.1  E. faecium VanD gene cluster 
         VanE  FJ872411.1 
N00‐0410 EF0120‐like 
protein 
   Small  Small     VanG  AF253562.2  E. faecalis VanG locus 
 
Alignment with the OG1RF genome revealed that E. faecalis 44 encoded all 
four genes comprising the full OG1RF CRISPR element, although cas2 was not 
detected by BLAST search. The isolate’s genome is approximately 3.1 megabases in 
length, however the genome reconstruction includes unassigned contigs that render 
length estimation difficult. The reconstruction suggests the isolate has an 
intermediate genome size between OG1RF and V583 (Figure 3.2 above). Alignment 
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to the V583 reference genome shows that segments of the E. faecalis pathogenicity 
island are present but the sequence is smaller than that in E. faecalis V583. The 
alignment suggests that the E. faecalis 44 genome is reshuffled compared to that of 
V583, however, of V583’s seven prophage sequences, prophages 2, 3, 4 and 6 are 
present in E. faecalis 44. Prophage 3 is inserted approximately 9000 bp downstream 
and the sequences for prophages 4 and 6 are fragmented. 
The E. faecalis 67 genome appears to align more closely to the V583 genome 
than the OG1RF genome, but many gaps, extra sequences and ambiguities made this 
comparison difficult. Many extra sequences are present in E. faecalis 67 compared to 
V583, such that E. faecalis 67’s genome appears to be larger than V583 at 
approximately 4.6 megabases in length. However, many contigs were not ordered by 
the Progressive Mauve software and remained unallocated beyond the 4.6 megabase 
point, extending the genome’s apparent size (Figure 3.2 above). The contigs used 
were synthesised de novo from the combined Ion Torrent PGM and Proton sequence 
data sets. BLAST searches returned partial matches to three of the four CRISPR 
genes, similar to E. faecalis 3 and 44, but no sequences were found to correspond to 
the OG1RF CRISPR1 element during genome alignment. Some segments of the 
V583 pathogenicity island were present in E. faecalis 67, but the majority of the 
sequence was not apparent. Partial sequence matches to the pathogenicity island 
were found using BLAST. E. faecalis 67 contains a complete prophage 2 sequence, 
fragmented and rearranged prophage 4 sequences and some fragmented sections of 
prophage 6. Only prophage 3 was detected by BLAST, yet no sequences were 
aligned to this prophage during alignment to the V583 genome. No vancomycin-
resistance genes were found to correspond to V583’s VanB gene. VanA, VanC4 and 
VanE genes were matched by BLAST to E. faecalis 67 contigs, however only a 100 
bp sequence matched the vanR gene within the E. faecium transposon Tn1546, which 
encodes and confers VanA vancomycin-resistance. No sequence was found to align 
with the vanA ligase gene (accession M97297). 
E. faecalis 75 appears very similar to E. faecalis 3. Its genome is 
approximately 2.9 megabases in length and aligns more closely to the OG1RF than 
the V583 genome (Figure 3.2 above). No sequences were found to align to the 
OG1RF CRISPR element despite BLAST hits for cas2, csn1 and csn2 genes. 
BLAST hits were also returned for the V583 pathogenicity island but no sequences 
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were found to align to the pathogenicity island in the V583 genome. BLAST 
searches returned hits for VanC4 and VanD although no sequence corresponded to 
the VanB gene within the V583 genome. A complete prophage 2 sequence and 
fragmented sequences corresponding to prophages 3, 4 and 6 were present in E. 
faecalis 75. Prophage 3 only was detected by BLAST searches. 
Full genome sequencing provided an opportunity to compare BLAST search 
results to genome alignments to detect large sequences and genes. Not all BLAST 
results were confirmed by genome alignments showing corresponding genes. 
BLAST results for vancomycin-resistance genes do not corroborate PCR detection of 
these genes. 
3.5 DISCUSSION 
3.5.1 Antibiotic Resistance Profiles of Enterococci 
For water and sediment Enterococcus isolates, 15 of the 59 (25%) were 
resistant to one or more antibiotics, representing a relatively high proportion of 
antibiotic resistance for enterococci isolated from these matrices. Ten isolates (17%) 
were highly resistant to vancomycin, teicoplanin and ampicillin. Two filter-feeding 
invertebrate depurate E. faecalis isolates (3%) were resistant to one or two 
antibiotics. Studies investigating antibiotic resistance of enterococci in human 
population centres in countries such as Australia, U.S.A. and Europe, found 
antibiotic resistant enterococci more likely to be present in clinical waste and patients 
rather than surface waters and sediment, and the prevalence of resistant enterococci 
was lower in surface waters than found in the present study (Bell et al., 1998, 
Fernandez-Delgado and Suarez, 2009, Harwood et al., 2001, Junco et al., 2001, 
Gambarotto et al., 2000, Rathnayake et al., 2012). Multidrug-resistant enterococci 
are commonly associated with clinical settings rather than environmental samples 
(Harwood et al., 2001) and significantly, the multidrug resistance pattern among the 
ten Antarctic E. faecalis isolates resembles clinical isolates rather than environmental 
or commensal isolates. 
The proximity (<1 km) of the majority of multidrug-resistant isolates to the 
Davis station outfall provides strong evidence that these isolates originated from the 
Davis station wastewater (Figure 3.1). No multidrug-resistant isolates were found in 
water, sediment or wildlife scat samples greater than 1 km from the Davis outfall, 
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except E. faecalis 43. As E. faecalis 43 was multidrug-resistant yet was isolated in 
the vicinity of a penguin rookery 9.44 km from Davis station, it is possible the 
resistance genes and/or the E. faecalis host were transported by movements of boats 
or wildlife. Moderately vancomycin-resistant (E. faecalis 31) or teicoplanin- and 
ampicillin-resistant (E. faecalis 77) isolates were isolated from invertebrate water 
depurate samples, highlighting the potential of these filter feeders to concentrate 
human pathogens and allowing the pathogens to enter the food chain. Similar 
observations of faecal indicator bacteria in Antarctic invertebrates have been 
reported (Lisle et al., 2004, McFeters et al., 1993, Smith and Riddle, 2009, Stark et 
al., Unpublished Report, Mangano et al., 2011). The introduction of human 
commensals and pathogens encoding resistance mechanisms conferring high levels 
of resistance into Antarctic wildlife is a possibility, especially considering the 
exceptions to measures currently undertaken to minimise human impacts on the 
continent (Annex III to the Protocol on Environmental Protection to The Antarctic 
Treaty), to which Davis station currently conforms (Chile, 2012, Smith and Riddle, 
2009).  
Four studies of antibiotic resistance in Antarctica report a lower frequency and 
another two report a higher frequency of resistance and plasmids that may confer 
resistance among isolates than the 29% found among enterococci in the present study 
(Kobori et al., 1984, Mangano et al., 2011, Ray et al., 1991, Souza et al., 2006, 
Miller et al., 2009, Hernández et al., 2012). The authors Kobori et al. (1984) and Ray 
et al. (1991) concluded that plasmids and possibly antibiotic resistance genes are 
ubiquitous among Antarctic microorganisms and did not attribute their presence to 
introduction by human activity. Enterococci investigated in the present study 
comprise a subset of presumptive enterococci isolates, thought to be representative of 
the total. It is possible that the isolates investigated could over- or under-represent 
the prevalence of antibiotic resistant enterococci in the vicinity of Davis station. 
Multidrug-resistant enterococci in the present study can be attributed to introduction 
by human activity (Figure 3.1). 
Many enterococci are intrinsically low-level aminoglycoside and ampicillin 
resistant. This is due to the expression of low-affinity penicillin binding proteins 
(PBPs) which cross-link pentapeptide precursor molecules into the peptidoglycan 
cell wall. Beta-lactam antibiotics, such as ampicillin, bind these enzymes, but have 
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low affinity for Enterococcus PBPs (Hollenbeck and Rice, 2012). Fifteen isolates in 
the present study, fourteen E. faecalis and one E. faecium, displayed ampicillin 
resistance, a higher proportion of ampicillin resistance than previously reported by 
Mangano et al. (2011), but a lower proportion than that reported by Souza et al. 
(2006) for Antarctic isolates. However, enterococci comprised few or none of the 
isolates investigated in these studies, which detected a range of bacterial genera. Of 
the ampicillin-resistant enterococci in the present study, the ten multidrug-resistant 
isolates were the most highly ampicillin-resistant. While the multidrug-resistant 
isolates were negative for beta-lactamase in the Cefinase® test, a further three non-
multidrug-resistant isolates were positive. It is possible that the multidrug-resistant 
isolates were ampicillin-resistant via a mechanism not detected by the Cefinase® 
test. 
3.5.2 Vancomycin Resistance Genes Encoded in Enterococci 
Despite ten isolates showing a highly vancomycin-resistant phenotype, no 
VanA or VanB genes were detected by PCR. This is in contrast to other studies, 
which have found complete agreement (Miele et al., 1995) or majority agreement 
(Satake et al., 1997) between PCR and phenotypic antibiotic resistance methods. 
Other studies have found PCR comparable to the microdilution and disk dilution 
methods for antibiotic resistance testing in Staphylococcus aureus strains. 
(Strommenger et al., 2003, Vannuffel et al., 1995). The discrepancies in methods in 
the present study could be due to divergent Van genes with lower specificity to the 
primers used, or the presence of unknown genes. Of the ten highly vancomycin-
resistant isolates, just three encoded the VanC4 gene. As VanC genes only confer 
low-level resistance, the high-level resistance phenotypes remain without 
corresponding genes identified. This is in contrast to a study by Bell et al. (1998), in 
which the phenotypes and genotypes of vancomycin-resistant enterococci matched 
for 242 of 248 strains investigated. These Enterococcus strains were isolated in 
Australia, where vancomycin use in hospitals has been high and avoparcin has been 
widely used in livestock production (Bell et al., 1998), conditions thought to promote 
retention of vancomycin resistance in the microbial and general community 
(Stobberingh et al., 1999, Gambarotto et al., 2000). Since vancomycin has not been 
used at Australian research stations for at least ten years (Jeff Ayton, personal 
communication) and stock animals are not permitted on the continent, vancomycin 
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resistance may be maintained without selection pressure. Davis station and staff had 
been isolated for two months at the time of sampling (James Smith, personal 
communication). While potential sources of vancomycin-resistant enterococci 
include food and historic medical waste in the area, these are unlikely because food 
is tested for faecal indicators and medical waste is returned to Australia for disposal. 
It is possible that clinical vancomycin and agricultural avoparcin use could mask 
potential maintenance of vancomycin-resistant populations without recent exposure. 
Indeed, antibiotic resistance genes can be maintained in the absence of selection 
pressure from antibiotics (Martinez, 2012). However, prevalence of VRE in the 
Australian non-hospital community is reported to be low (Christiansen Kj et al., Hart 
et al., 2004, Padiglione et al., 2000). The main phenotype in clinical isolates is VanB 
and is thought to be due to clinical use of vancomycin (Hart et al., 2004). VRE have 
only rarely been found in humans without hospital exposure, pet animals and the 
environment in the US (Donabedian et al., 2010), yet it is thought the rising 
colonisation pressure, defined as the proportion of VRE-colonised patients in a 
geographic area, and use of glycopeptides in clinical settings have lead to the 
observed increase in VRE despite the absence of avoparcin use (Mundy et al., 2000). 
While continual clinical use of vancomycin can account for the spread of VRE, it 
cannot account for VRE in Antarctica. It seems likely that some staff may be carriers 
of vancomycin-resistant enterococci and appear to facilitate their introduction to the 
Antarctic environment despite an apparent lack of selection pressure.  
Another study investigating both clinical and freshwater isolates in Australia 
for antibiotic resistance and virulence genes found no VanC genes; only VanA and B 
within E. faecalis and E. faecium strains (Rathnayake et al., 2012). Using a similar 
PCR method, only VanC genes were detected in the current Antarctic isolates. 
However, the majority of isolates in the Australian study that harboured resistance 
genes also encoded virulence genes, both clinical and freshwater isolates. A 
statistically significant correlation was found between virulence and antibiotic 
resistance genes (Rathnayake et al., 2012). Therefore, there is a potential risk to 
Antarctic wildlife posed by multidrug-resistant enterococci, due to the likelihood that 
multidrug-resistant enterococci from Antarctic research station wastewater may 
encode virulence genes. 
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Enterococci are opportunistic pathogens, and multidrug-resistant strains, such 
as were present in the vicinity of Davis station, are associated with bacteremia, 
endocarditis, urinary tract infections and other disease states in humans (Devriese et 
al., 2006). Studies of enterococcal infection in non-human vertebrates are limited to 
mouse models, which suggest multidrug-resistant enterococci do not achieve 
significant infection in the absence of particular antibiotics (Laktic̀ová et al., 2006, 
Mater et al., 2005). Further studies are needed to determine the risk posed to 
Antarctic wildlife from the presence of enterococci with potentially increased 
virulence resulting from adaptations to a more pathogenic niche. 
The six VanC4 gene positive isolates likely form part of a clonal complex 
because their 16S rRNA and pheS gene sequences, as described in chapter 2 of this 
thesis (section 2.4.2) were identical. VanC genes are closely associated with E. 
gallinarum and E. casseliflavus strains, however, their integration into E. faecalis 
cells or genomes has been published previously (Moura et al., 2013, Schwaiger et al., 
2012, de Garnica et al., 2013). A sequence, deposited by Moura et al., for an E. 
faecalis-derived VanC2/3 gene is available in the Genbank database (accession 
JX220985). E. faecalis strain CB378, which was isolated in Brazil, encodes a 
VanC2/3 gene with 93% similarity and 19 SNPs compared to the present study 
VanC4 sequence over the 368 bp overlapping alignment. These findings illustrate the 
substantial capacity with which some E. faecalis strains can acquire foreign genes, 
even those chromosomally encoded such as VanC. The acquired VanC4 gene 
conferred little or no resistance as half of the VanC4 positive isolates were 
vancomycin-susceptible (22, 44 and 68) with the other half highly vancomycin-
resistant (45, 65 and 67). It is likely the VanC4 gene is non-functional and clearly 
another gene is responsible for the observed high-level vancomycin resistance in E. 
faecalis 45, 65, 67 and other multidrug-resistant enterococci. The gene(s) responsible 
may be plasmid-borne or incorporated within isolate genomes. Further work using 
different primers and PCR protocol or additional sequence analysis is required to 
identify the genes that conferred high-level vancomycin resistance in some isolates. 
3.5.3 Genomic Comparisons of Isolates and References 
Genomic sequencing of the four E. faecalis isolates 3, 44, 67 and 75 was 
undertaken in order to determine which genes conferred high-level vancomycin 
resistance observed in E. faecalis 67 and 75, find a putative origin of these genes, 
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and to look for genomic differences between vancomycin-resistant and susceptible 
strains in accordance with goal two. Particular genetic elements of interest included 
CRISPR genes, high-level vancomycin-resistance genes, the E. faecalis 
pathogenicity island and plasmids conferring antibiotic resistance and virulence 
traits. 
Genome length estimates for E. faecalis 44 and 67 were larger and a greater 
proportion of contigs were not re-ordered by the alignment software Progressive 
Mauve than E. faecalis 3 and 75, likely due to differing numbers of reads generated. 
Different amounts of sequence data correlate with broad genome differences rather 
than sample locations where enterococci were isolated; E. faecalis 67 (water) and 75 
(water) were within 10 m of the Davis station outfall while E. faecalis 3 (penguin 
faeces) and 44 (water) were remote and presumed not impacted by direct faecal 
contamination. E. faecalis 3 and 75 were found to align more closely to the OG1RF 
genome than the V583 genome. E. faecalis OG1RF is a human commensal organism 
in contrast to E. faecalis V583, which is a clinical pathogen (Bourgogne et al., 2008). 
The OG1RF genome is thought to represent a core gene set for E. faecalis due to its 
substantially smaller length compared to V583 (Solheim et al., 2009). E. faecalis 62 
and D32, for which complete genomes are also available, are similar in size to 
OG1RF (Brede et al., 2011, Zischka et al., 2012). All three strains contain 
chromosomes under three Mb in length, in contrast to the V583 chromosome at 
3,218,103 bp (Paulsen et al., 2003). Differences in length and pathogenicity are 
thought to be due, in part, to the presence or absence of the CRISPR elements 
(Palmer et al., 2012). 
The CRISPR elements form a system that protects the cell from infection by 
bacteriophages and plasmid DNA replication (Bourgogne et al., 2008, Palmer et al., 
2012, Marraffini and Sontheimer, 2010). E. faecalis V583 does not encode a 
CRISPR element and contains seven prophage (bacteriophage) sequences, while 
OG1RF, which encodes two CRISPR elements, contains just one prophage sequence 
(Bourgogne et al., 2008). E. faecalis isolates 3, 44, 67 and 75 contain matches to 
three of the four CRISPR1-associated CAS genes. However, only isolate 44 
contained contigs that align with the full element 1 CAS genes and element 2. Due to 
the presence of the same or similar three CAS genes, E. faecalis 3, 67 and 75 may 
also encode the full CRISPR1 element. It can be expected that functional CRISPR 
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elements would maintain a smaller core genome, such as observed in isolates 3 and 
75. However, these isolates share four of the seven prophage sequences found in 
V583. It is unclear whether the CRISPR element is functional, although an 
intermediate genome size between that of OG1RF and V583 suggests some function 
is retained or function was lost more recently than V583. Strains lacking functional 
CRISPR elements are more likely to acquire prophage and plasmid sequences, 
increasing their genome size (Gilmore et al., 2013). The presence of prophage 
sequences is inconsistent with the presence of the CRISPR element, a foreign DNA 
protection system, in E. faecalis 44. The apparent larger genomes of isolates 44 and 
67 suggest their CRISPR genes are non-functional. 
Enterococci can be placed into two broad groups: hospital clade and 
community clade (Hollenbeck and Rice, 2012). These groups likely differ by the 
ability to acquire genetic elements and foreign DNA. The two sequenced multidrug-
resistant Antarctic isolates, E. faecalis 67 and 75, and related strains may therefore 
be members of the hospital clade due to their inability to prevent the acquisition of 
DNA, demonstrated by the accumulation of prophage sequences and multidrug-
resistance. This data suggests that hospital clade enterococci are discharged into the 
Antarctic marine environment in untreated wastewater from Davis station. As 
hospital clade enterococci are able to readily acquire genetic elements and therefore 
more likely to survive in harsh hospital environments (Hollenbeck and Rice, 2012), 
they may be better able to survive in the Antarctic marine environment than 
community-clade enterococci. Members of the hospital-clade have acquired 
antibiotic resistance and virulence genes that confer a selective advantage in the 
hospital environment (Hollenbeck and Rice, 2012), which may increase their 
potential to disseminate genetic elements in the Antarctic marine environment. 
Effective sewage treatment systems are therefore needed to minimise the 
dissemination of potentially harmful enterococci and other pathogenic 
microorganisms, such as E. coli and Staphylococcus aureus that often harbour 
antibiotic resistance and virulence genes. 
Despite lacking the pathogenicity island encoded by E. faecalis V583, E. 
faecalis OG1RF is more virulent in urinary tract infection and kidney infection 
models (Bourgogne et al., 2008). The pathogenicity island does, however, encode 
several virulence genes, including enterococcal surface protein (Esp), cytolysin and 
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aggregation substance (Shankar et al., 2002). Cytolysin is a toxin that is structurally 
unique to enterococci, while Esp helps colonisation of the bladder in urinary tract 
infections and facilitates biofilm production. Contigs of all four sequenced E. 
faecalis isolates contained fragments matching the E. faecalis V583 pathogenicity 
island. However, only partial sequences were reconstructed by de novo synthesis for 
E. faecalis 3, 44 and 67, and no sequence for E. faecalis 75 was found to align to the 
V583 pathogenicity island, despite detection by BLAST. It is therefore possible that 
all four isolates encode smaller pathogenicity islands than V583. Deletion of the Esp 
and cytolysin coding region in the pathogenicity island is common and has been 
observed in E. faecalis D32 (Shankar et al., 2002, Zischka et al., 2012). E. faecalis 
62 is also missing some virulence genes from the corresponding pathogenicity island 
sequence (Brede et al., 2011). It is therefore not surprising that the full V583 
pathogenicity island sequence is not present in the Antarctic isolates. Pathogenicity 
may be enhanced by other virulence genes, such as in OG1RF. For instance, all four 
Antarctic isolates encode the gelatinase gene, considered a virulence gene (McBride 
et al., 2007, Rathnayake et al., 2012). E. faecalis isolates from the marine 
environment in the vicinity of Davis station may be more virulent than commensal 
strains, however, this cannot be determined only by the presence or absence of 
virulence genes. Future work linking virulence genes with increased infectivity could 
allow a determination of risk posed to animals such as Antarctic wildlife by these 
microorganisms. 
Surprisingly, only E. faecalis 67 returned positive BLAST matches to the 
VanA ligase gene. Although matches to VanA, C1, C2, C4, D, E and G were 
returned by BLAST between all four isolates, the only substantial match was for 
VanC4 in E. faecalis 67, at 5,650 bp, although BLAST returned a match of only 688 
bp for E. faecalis 44 despite PCR confirming the presence of the VanC4 gene. As E. 
faecalis 67 contains a substantial amount of DNA matching the E. casseliflavus 
genome, the VanC4 gene may have been incorporated in the same event. The 
mechanism with which E. faecalis 44 incorporated the VanC4 gene is unclear. 
Discrepancies in Van gene matches between PCR and next-generation sequencing 
may be due to the draft genomes consisting of a large number of contigs rather than a 
single unbroken sequence. More complete genomes would likely facilitate agreement 
between molecular methods. VanA or VanB were expected within E. faecalis 67 and 
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75, although all four isolates are likely tetracycline resistant due to the presence of 
tetL and tetM genes. E. faecalis 67 also encodes beta-lactamase, conferring its 
ampicillin resistance. Despite a large dataset (2.128 gigabases) generated, genome 
reconstructions were incomplete. This is likely due to the small reads generated; 
about 112 bp on average. Longer reads can facilitate a more complete reconstruction 
with fewer contigs, and for this reason E. faecalis 67 was sequenced on the Ion 
Torrent PGM in addition to sequencing on the Ion Proton. Combination of the two 
sequence data sets allowed construction of a draft genome. All four E. faecalis 
genomes were sequenced with considerable depth of coverage, yet more validation is 
needed to support the BLAST results due to apparent absence of genes in incomplete 
genome reconstructions. Despite high sequence similarity to known genes, many 
BLAST matches were relatively short (less than 500 bp). A number of software 
packages are available to analyse NGS data and construct contigs, such as CLC 
Genomics, Oases and Soap. It is possible that other programs may have produced 
better draft genomes but program optimisation was beyond the scope of this project. 
This may constitute the first report of antibiotic and multidrug-resistant 
enterococci in the Antarctic environment. It is a matter of concern that highly 
antibiotic-resistant Enterococcus isolates have been (and likely continue to be) 
discharged in the Antarctic marine environment. Many Antarctic research stations 
continue to discharge untreated wastewater into the marine environment and may be 
releasing virulent, antibiotic-resistant pathogens in addition to human commensal 
bacteria into the pristine wilderness. 
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Chapter 4: Discussion and Conclusions 
4.1 CHAPTER SUMMARY 
This chapter provides in depth analysis of information presented in the 
preceding chapters. The findings on identification of Antarctic Enterococcus isolates 
in chapter 2 are examined in section 4.2; section 4.3 comprises an in depth analysis 
of antibiotic resistance and genomics results in chapter 3; and finally the results and 
conclusions of chapters 2 and 3 are integrated and compared in section 4.4. 
4.2 IMPLICATIONS OF ENTEROCOCCUS IDENTIFICATION AND 
DISSEMINATION 
While faecal indicator bacteria are used to determine the likelihood of human 
faecal contamination and pathogen presence, some indicator bacteria may naturally 
be present in Antarctic microbial communities. However, most indigenous Antarctic 
microorganisms may be psychrotrophic (growth at 0°C and 18°C or higher), in 
contrast to predominantly mesophilic (growth between 10°C and 45°C) bacteria from 
humans. A useful approach to determine if microorganisms are indigenous to 
Antarctica could include an investigation of their growth temperature range, whether 
psychrotrophic or psychrotolerant (Casanueva et al., 2010, Miller et al., 2009). 
Culture-based methods targeting mesophilic microorganisms such as enterococci are 
likely to exclude psychrotrophic microorganisms by incubating at 41°C or 37°C. 
Enterococci isolated in the present study were incubated at both of these 
temperatures. E. faecalis and E. faecium isolated are not likely indigenous to the 
Antarctic marine environment. Rather, as mesophilic organisms, they are more likely 
commensals originating from human or wildlife faecal matter. 
Investigations into Antarctic wildlife would provide useful comparative data when 
tracking sources of contamination and studying disease outbreaks. One study of 
Arctic hooded, harbour and grey seals found sequences represented a gut community 
comprising 58% Firmicutes, 21% Bacteroides, 13% Proteobacteria and 8% 
Fusobacteria (Glad et al., 2010), which differs significantly to human gut microbiota 
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by comprising lower diversity (Qin et al., 2010). Carnivorous animals are known to 
have a lower gut microbial diversity than herbivorous animals (Glad et al., 2010). 
For these reasons, ‘fingerprinting’ of species groups from different animals including 
humans have been proposed (Layton et al., 2010). However, all enterococci 
investigated in the present study from seal and penguin faecal samples were found to 
be E. faecalis, in contrast to Layton et al. (2010), in which dog, gull, horse, sea lion, 
seal and human faecal and sewage samples were found to contain up to eight species 
of enterococci through multiplex PCR. While source tracking was not an aim of the 
present study, the data indicates that source tracking studies utilising differences in 
gut microbiota between humans and key wildlife should target a wide range of 
species. This may facilitate a less ambiguous approach to identifying human 
microbiological contamination in the Antarctic.	
Direct pollution release by human activity on the Antarctic continent causes 
negative impacts on a local scale. A number of studies have detected faecal 
enterococci in the marine environment in the vicinity of Antarctic research stations. 
Comparisons can be made to the presence and observed ubiquity of enterococci 
isolated in the present study. The ubiquity of enterococci found around Davis station 
is in contrast to observations at other research stations, including Italian Base stations 
of the Terra Nova Bay, McMurdo station and Port-aux-Français (Bruni et al., 1997, 
Lisle et al., 2004, Delille and Gleizon, 2003). Davis station and its surrounds have 
also been the subject of a major environmental study (Stark et al., Unpublished 
Report), yet evidence of direct negative impacts on wildlife are minimal. The 
enterococci characterised in the present study were enumerated previously by James 
Smith, who found high numbers of faecal enterococci at the outfall pipe that 
decreased rapidly further from the outfall (Stark et al., Unpublished Report), a 
similar result to the previous investigations at research stations. Refer to Figure 4.1 
below. E. faecalis isolates detected in water distant to the outfall were present in low 
numbers. Genomic and sequence similarities of E. faecalis isolates from water, 
sediment and wildlife faecal material in the present study suggest little divergence. 
Therefore, these isolates may represent a single origin, which may be Davis station. 
Other investigations into faecal contamination in Antarctica also implicate nearby 
research stations. 
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Figure 4.1. Dispersion plume diagrams of enterococci concentrations in seawater surrounding Davis 
station during rising tide (top) and falling tide (bottom). Reproduced by permission from James Smith.  
Most studies investigating environmental contamination by human sewage via 
enterococci and other faecal indicator bacteria have utilised phenotypic identification 
methods. The results of the present study indicate that the isolation method utilised 
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(U.S. Environmental Protection Agency, 2006) has high specificity for faecal 
enterococci and can be used successfully to isolate presumptive enterococci from the 
Antarctic environment. The comparison between phenotypic and genotypic 
identification methods indicate that enterococci isolated from the Antarctic 
environment can express atypical phenotypes and that a genotypic identification 
method is more applicable. Since enterococci are opportunistic and potential human 
pathogens and were found to be ubiquitous in the near-shore environment in the 
vicinity of Davis station, multiple gene targets, such as antibiotic resistance genes, 
can potentially facilitate the differentiation of groups of Enterococcus isolates. An 
important part of monitoring future impacts of human contamination in Antarctica 
will be determining whether antibiotic resistance and virulence genes are 
disseminated among indigenous microorganisms. 
4.3 IMPLICATIONS OF ANTIBIOTIC RESISTANT ENTEROCOCCI IN 
ANTARCTICA 
The presence of multidrug-resistant enterococci clustered around the Davis 
station outfall suggests that the discharge of untreated sewage from Davis station has 
introduced potential human pathogens encoding multiple antibiotic resistance genes 
into the Antarctic marine environment. What is not clear is whether these potential 
pathogens or their resistance genes persist in the environment. However, there is 
evidence that resistance genes are present in many environments and may be 
exchanged between some bacteria for at least a decade (Davison, 1999). Several 
studies have found plasmids encoding antibiotic resistance genes in bacteria isolated 
from Antarctic environments (Kobori et al., 1984, Ray et al., 1991), and Smith and 
Howington (1993) demonstrated that plasmids conferring antibiotic resistance can be 
maintained in enteric bacteria in the Antarctic environment. It was concluded that 
indigenous Antarctic bacteria are able to maintain and potentially disseminate 
antibiotic resistance genes, although it is also possible that native Antarctic 
microbiota naturally encode resistance genes similar to those found in clinical 
pathogens. The majority of naturally occurring antibiotic resistance genes 
investigated encode sequences with little similarity to resistance genes in clinical 
isolates (Dantas and Sommer, 2012). 
Direct human sewage release is not the only potential source of faecal bacteria 
encoding human-associated antibiotic resistance genes. VanA enterococci have been 
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detected in the faeces of migratory birds in Sweden and VanC enterococci from 
migratory birds on sub-Antarctic Bird Island, South Georgia. Sellin et al. (2000) 
suggested the resistant bacteria were acquired from foraging practices in urbanised 
areas, potentially disseminating antibiotic resistance genes on a small scale. Globally, 
the occurrence and prevalence of antibiotic resistant bacteria are increasing, 
especially in clinical settings; in contrast our ability to combat and treat resistant 
bacteria is decreasing (Kümmerer, 2009). As it is not yet known whether the input of 
antibiotic resistant bacteria into the environment can promote resistance reservoirs, 
which could make resistance genes and associated virulence genes more available to 
pathogens of humans and wildlife, the emphasis should be on reducing the amount of 
resistant bacteria released into the environment. 
In clinical settings, vancomycin-resistant enterococci, methicillin-resistant 
Staphylococcus aureus and multidrug-resistant Pseudomonas sp. are considered the 
most problematic (Kümmerer, 2009). It is therefore concerning that potential human 
pathogens such as vancomycin-resistant enterococci have been released into the 
Antarctic marine environment in the vicinity of Davis station. The risks to humans 
and wildlife posed by antibiotic resistant bacteria cannot yet be quantified in the 
environment due to a lack of information on prevalence and maintenance on acquired 
resistance and virulence genes (Kümmerer, 2009). 
Due to Davis station’s infrastructure consisting of holding tanks with long 
retention times (see section 1.3), toxic compounds such as mercaptans and hydrogen 
sulphide may be produced leading to the death of some wastewater microbiota prior 
to release into the Antarctic near-shore environment. DNA from lysed cells would 
then be available for natural transformation in the receiving sediment and water. The 
multidrug-resistant enterococci that can be attributed to wastewater from Davis 
station in the present study were viable in the marine environment at the time of 
sampling, which allowed them to be isolated by membrane filtration and culture. 
These enterococci, while viable, could transfer genetic elements via conjugation to 
other bacteria. Even if lysed, plasmids and genomic DNA encoded by these 
enterococci could be incorporated into viable bacteria in the environment by natural 
transformation if the free DNA remains intact (Lorenz and Wackernagel, 1994). It is 
possible that other bacteria encoding antibiotic resistance and virulence genes were 
also released in a viable state and that a further population of human-associated 
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bacteria may have been lysed prior to release, which could lead to the release of free 
DNA available for natural transformation in viable bacteria. Therefore, the release of 
antibiotic resistant bacteria from Davis, whether live or lysed, has the potential to 
transfer resistance genes to bacterial communities within sediment that are endemic 
to the area and may have a negative impact on Antarctic wildlife. Hence, it is 
possible that Antarctic research stations may be sources of antibiotic resistance genes 
before and after installation of sewage treatment infrastructure that is not specifically 
designed to degrade DNA. Sewage treatment may not abate or mitigate the release 
and dissemination of the contaminant producing the potential risks, which in this 
case is DNA. 
Research into the impacts of untreated wastewater from Davis station has so far 
focussed on dissemination during summer months. As the winter ice extends from 
the shore into the bay, Davis effluent melts a hole in the ice and pools there, severely 
limiting dispersion. Waste concentrates under the near shore sea ice; its dispersion 
may be restricted by rafted sea ice and near shore grounded pressure ridges and ice 
flows, while remaining sheltered from the minimal UV radiation during winter and 
experiencing minimal dilution. Even if released bacteria do not survive, their DNA 
may under these extremely cold conditions. Microbial communities are thought to be 
most metabolically active in the Antarctic summer but there is evidence that 
microbial populations are also active in winter months (Grzymski et al., 2012) 
primarily due to organic inputs (sea ice algal bloom) rather than temperature 
increases. Thus, the prevalence of genetic elements could be increased in localised 
Antarctic communities during winter via conjugation or transformation when UV 
radiation and dispersion are at a minimum. 
The impacts found in the present study include the introduction of potentially 
pathogenic multidrug-resistant enterococci, which generally pose a health risk to 
injured or sick wildlife. These multidrug-resistant enterococci can be attributed to 
wastewater release from Davis station by their dominant presence in the vicinity of 
the outfall pipe and genetic similarities to each other, yet potential impacts on 
wildlife in the vicinity of Davis station are not known. Antarctic wildlife have been 
found to harbour bacteria, pathogenic and commensal to humans, which can also be 
found in sewage (McFarlane et al., 2009, Smith and Riddle, 2009). Lower trophic 
levels, such as filter feeders, can concentrate faecal bacteria, which could potentially 
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be harmful to higher trophic levels once ingested. The presence of faecal indicator 
and potentially pathogenic microorganisms that can be attributed to human activity in 
Antarctica are defined as impacts by Aronson et al. (2011). By this definition, the 
presence of multidrug-resistant enterococci in the vicinity of Davis station constitutes 
an environmental impact. 
While not conclusively proven, there is strong evidence of an association between 
the accumulation of insertion sequences and increased virulence in enterococci 
(Gilmore et al., 2013). Antibiotic resistance determinants are suspected to relate to 
increased virulence in enterococci (Mundy et al., 2000). Strains that lack functional 
CRISPR elements are able to acquire insertion sequences and genetic elements 
conferring increased virulence and antibiotic resistance, resulting in increased 
pathogenicity and a destabilised genome. These Enterococcus strains appear to be 
devolving; losing genes associated with the gastrointestinal commensal niche and 
moving towards a pathogenic niche (Gilmore et al., 2013). Bacteriophages often 
encode virulence genes that can increase host fitness, once incorporated into the host 
bacteria genome as a prophage sequence (Marraffini and Sontheimer, 2010), and 
may increase pathogenicity in Antarctic wildlife. Enterococci, with and without 
antibiotic resistance genes, are known to infect mice with a similar epidemiology to 
humans (Laktic̀ová et al., 2006, Mater et al., 2005), yet pathogenicity of enterococci 
in Antarctic wildlife is unknown. The presence of antibiotic resistance genes, 
plasmids and prophage sequences in the multidrug-resistant E. faecalis isolates in the 
present study suggests these may be pathogenic to Antarctic wildlife. 
Resistance genes and vectors have already been found in wild animals and 
environments far removed from antibiotic use, yet can be attributed to anthropogenic 
activity, indicating that genetic pollution is widespread (Gillings and Stokes, 2012, 
Martinez, 2012). Despite the fact that risks of antibiotic resistant bacteria remain 
unquantified, evidence of genetic pollution in Antarctica is mounting. Potential 
human- and animal-associated pathogens have been isolated from animals in 
Antarctic and sub-Antarctic locations (Griekspoor et al., 2009), plasmids have been 
detected in Antarctic sediment (Kobori et al., 1984, Ray et al., 1991) and resistant 
bacteria have been detected at Davis station in filter feeders by Stark et al. 
(Unpublished Report). Multidrug-resistant enterococci, encoding prophage 
sequences, virulence and antibiotic resistance genes with the potential to contribute 
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to genetic pollution have now been detected at Davis. As these enterococci resemble 
clinical isolates, some of which are moving towards a pathogenic niche (Gilmore et 
al., 2013), they may pose a greater risk to Antarctic wildlife than commensal strains. 
These multidrug-resistant enterococci were detected in the present study 
utilising the culture method, yet newer technologies, such as next-generation 
sequencing, have the potential to reveal a greater dissemination and potential impact 
of antibiotic resistance and virulence genes in the environment and wildlife than is 
currently known. The application of next-generation sequencing technology to 
environmental monitoring, including 16S rRNA barcoding and whole genome 
sequencing could give a much clearer picture of the impacts of wastewater in the 
Antarctic and other fragile environments by identifying indigenous microorganisms 
and distinguishing DNA from foreign organisms. 
4.4 TECHNIQUE COMPARISONS AND IMPLICATIONS 
Since the scope of the studies presented in chapters two and three differ and 
techniques were selected accordingly, a comparison can be made of the results of 
techniques between the two studies. One such comparison can be made between the 
phenotypic identification method in chapter two, the vancomycin-resistance gene 
PCR, and the genomic analysis from chapter three. As some isolates were 
phenotypically identified as E. gallinarum and E. casseliflavus, which are the species 
known to encode VanC genes chromosomally, it was expected the six isolates 
encoding VanC4 would resemble these species phenotypically if additional genes 
were incorporated in addition to VanC4. However, phenotypic identification did not 
support this hypothesis. The six isolates encoding VanC4 were identified 
phenotypically as three E. dispar, one E. casseliflavus, one E. casseliflavus 
subspecies flavescens, and one could not be identified. E. faecalis 67, isolated from 
water, was identified phenotypically as E. casseliflavus subsp. flavescens. It is 
possible that due to a lack of functional CRISPR elements, a significant section of 
the E. casseliflavus genome could have become incorporated into the E. faecalis 67 
genome including the VanC4 gene. BLAST searches of de novo assemblies against 
the NCBI database consistently returned hits for E. casseliflavus EC20 (CP004856), 
of which the largest hit spanned 38,537 bp. This also comprised the largest single 
match in multiple de novo assemblies. This contig encoded the E. casseliflavus 
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flagella genes, matching the flagellar gene cluster in E. casseliflavus EC20. While 
the 16S rRNA sequence, house-keeping gene pheS sequence and majority of the 
genome are E. faecalis, a significant portion contains genes from E. casseliflavus. 
This E. faecalis isolate may represent an amalgamation of two Enterococcus 
genomes. A ‘hybrid genome’ of two species would explain why the isolate appeared 
phenotypically as E. casseliflavus and matched E. faecalis genotypically. Inter-
species amalgamations of E. faecium genomes have been observed previously (de 
Been et al., 2013), but intra-species amalgamations have not. Other potential 
explanations include an impure culture, however, 16S and pheS sequence data 
contained one sequence each and PCR products for both gene products were 
represented by one band each on electrophoresis gels. Also, PCR using primers 
specific for E. casseliflavus designed by Naser et al. (2005) amplified the E. faecalis 
pheS gene fragment. The majority of studies of enterococci investigate clinical 
isolates and may under-represent the diversity of this genus. Since E. faecalis 67 is 
viable, highly vancomycin-resistant and probably encodes functional flagella, further 
investigation of this microorganism is needed to determine if it does contain an 
amalgamated genome for future research. 
Another comparison can be made between phenotypic identities and 
phenotypic vancomycin resistance profiles of the isolates. The isolates found to be 
vancomycin-resistant were identified phenotypically as E. faecalis, E. dispar, E. 
casseliflavus and E. casseliflavus subsp. flavescens. Resistance phenotypes (VanA, B 
or C) found by the CDS method do not correspond to typical resistance phenotypes 
of these species. Phenotypic identities did not match genotypic identities for the 
majority of Enterococcus isolates and the phenotypic identities were not typical of 
the vancomycin resistance phenotypes observed. 
The Enterococcus species isolated were found to be highly similar throughout 
the marine environment, animal faeces and shellfish depurate in the vicinity of Davis 
station. In section 2.5 it was suggested that all E. faecalis isolates may comprise a 
single strain based on their 16S rRNA and pheS gene sequence similarity. Antibiotic 
resistance profiles attributed the presence of highly vancomycin-resistant and 
multidrug-resistant isolates to human sewage release from Davis station. However, 
the presence of resistant and susceptible isolates suggests two or more strains are 
present with high sequence similarity but differ in genome structure and genes 
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encoded. Similarly, E. faecalis V583 and E. faecalis OG1RF are considered separate 
strains due to genomic differences rather than sequence differences. High sequence 
similarity with differing gene content has been observed for many enterococci and 
gene content, rather than sequence variation, is thought to be the source of variation 
among E. faecalis strains (Van Schaik and Willems, 2010, Palmer et al., 2012). 
While multidrug-resistant isolates clustered around the sewage outfall (with the 
exception of E. faecalis 44), isolates susceptible to the antibiotics tested were 
widespread, up to 23.5 km from the outfall within a Weddell seal haul-out area. It is 
feasible that enterococci released in untreated sewage could colonise wildlife and be 
transported great distances, however studies of Antarctic seal and penguin normal 
flora are needed before a conclusive origin of these isolates is apparent. 
Microbial source tracking techniques have been successfully applied to 
Antarctic research station waste dissemination studies by Hughes and Thomson 
(2004) and Martins et al. (2005), detecting faecal coliforms, C. perfringens and 
faecal sterols. The current project highlights the ubiquity of Enterococcus species in 
the Antarctic marine environment around Davis station and the conclusion can be 
drawn that presence and speciation of enterococci alone will not indicate potential 
sources of contamination. In contrast, Layton et al. (2010) found that ‘fingerprints’ of 
Enterococcus species could be attributed to groups of organisms, such as marine 
organisms. It has been suggested that enterococci and other enteric bacteria could be 
used for source tracking by finding strain associations with particular hosts (Baker et 
al., 2003, Layton et al., 2010). Enterococcus isolates were not identified to strain 
level in this study. More intensive identification techniques are needed in order to 
identify enterococci to strain level, such as SDS-PAGE, multilocus enzyme 
electrophoresis, serotyping, bacteriocin typing, random fragment length 
polymorphism analysis, as well as PCR- and sequencing-based methods (Domig et 
al., 2003). A more intensive investigation utilising identification of enterococci 
coupled with detection and sequencing of antibiotic-resistance and virulence genes 
may provide greater resolution and allow attribution to sources. 
Of the microorganisms released by humans, the most studied are enteric 
pathogens and commensals passed in faeces, though other commensal organisms 
including dermal and oral bacteria and fungi are also released with waste from 
showers and skin shedding (Baker et al., 2003). Research so far has established that 
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humans harbour and release a complex mix of microorganisms, which are introduced 
to the indigenous microbial community in Antarctica. While focussing on selected, 
predominantly enteric microorganisms, such as within the present study, the impacts 
of the release of this complex human microbiota cannot be adequately quantified 
without a thorough characterisation of the indigenous community. While the 
multidrug-resistant Enterococcus isolates can be attributed to wastewater release 
from Davis station, the majority of isolates were not resistant to antibiotics and were 
very widespread, present in all sampling locations. These antibiotic-susceptible 
isolates cannot be conclusively attributed to Davis station by the present study and it 
is not known whether they are commensals to indigenous wildlife or introduced by 
human activity. Future metagenomic studies are needed to determine which 
microorganisms are indigenous to distinguish from introduced species. 
Microorganisms dominate the Antarctic biomass, hence disruption of their 
community could disrupt whole ecosystems (Baker et al., 2003). It is therefore 
important that indigenous microbial communities are characterised for the 
identification of novel organisms, monitoring of contamination and movement of 
genetic elements, for example virulence genes, (Baker et al., 2003) to avoid harmful 
effects. 
4.5 CONCLUSION 
The analysis and characterisation of enterococci within this research project 
allow conclusions regarding the potential effects of these bacteria on the Antarctic 
marine environment. Enterococci were isolated using the mE-EIA method with no 
false positives, indicating this method is useful for faecal contamination monitoring 
in Antarctica. Enterococci were found ubiquitous in the marine environment in the 
vicinity of Davis station, the majority of which were Enterococcus faecalis. DNA-
based genotypic methods used to identify the enterococci were more reliable than the 
phenotypic method used for identification to species-level from extreme 
environments such as Antarctica. A subset of the enterococci, with homologous 16S 
and pheS gene sequences, was multidrug-, and highly vancomycin-resistant and very 
likely originated from Davis station wastewater.  
Detection of multidrug- and highly vancomycin-resistant enterococci in 
Antarctica indicates this ‘pristine’ environment may be negatively impacted by 
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untreated wastewater release from research stations, despite temporal and spatial 
separation from the use of the antibiotics. Negative impacts may include the 
introduction of non-native microorganisms to the marine environment and wildlife, 
which may result in competition with native microorganisms, introduction to native 
fauna, introduction of genetic elements and increases in pathogenicity. Such impacts, 
if demonstrated, may violate the Madrid Protocol. 
Legislation amending the Madrid Protocol Annex III requiring minimum 
wastewater treatment would likely decrease some of the impacts of the introduction 
of antibiotic resistant and pathogenic microorganisms on Antarctic wildlife and the 
environment by decreasing the amount of viable microorganisms released. 
Assessment of potential microorganism introduction with the application of powerful 
new techniques, such as metagenomic sequencing, will facilitate a comprehensive 
understanding of direct and indirect impacts of wastewater release in Antarctica by 
reliably distinguishing between native and non-native microorganisms, and genetic 
elements they may contain. The response of the receiving environment and microbial 
communities to the input of foreign microorganisms and genetic elements may 
indicate the extent of impacts of human activity and whether it will remain a pristine 
environment. 
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Chapter 5: Appendices  
5.1 APPENDIX A: 
PHENOTYPIC ID, MEI MORPHOLOGY AND FAECAL SAMPLE LOCATIONS 
Table 5.1. Carbohydrate assimilation test results contributing to phenotypic identification of enterococci. 
Isolate 
Growth 
BHI 6.5 % 
NaCl 
Bile 
esculin 
hydroylsis 
Mannitol  Arabinose  Raffinose  Pyruvate  Surcose  Ribose  Xlyose  K‐tellurite 
Yellow 
pigment 
production 
Lactose  Tests against  Phenotypic ID 
E. faecalis1  +  +  +  ‐  ‐  +  ‐  +  ‐  na  na  na  surcose  E.faecalis  
E. faecalis 2  +  +  +  ‐  ‐  +  ‐  +  ‐  na  na  na  surcose  E.faecalis  
E. faecalis 3  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 4  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 5  ‐  +  +  ‐  ‐  +  ‐  +  ‐  na  na  na  surcose  E.faecalis  
E. faecalis 6  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 7  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 8  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 9  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 10  +  +  ‐  ‐  ‐  vwk  ‐  vwk  wk  na  na  +  pyruvate   E. durans*  
E. faecalis 11  +  wk  +  ‐  ‐  +  +  ‐  ‐  na  na  na  ribose  E.faecalis 
E. faecalis 12  +  +  wk  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis* 
E. faecalis 13  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 14  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 15  +  wk  ‐  ‐  ‐  vwk  ‐  ‐  ‐  na  na  na  pyruvate   E. durans*  
E. faecalis 16  +  wk  ‐  ‐  ‐  vwk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
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E. faecalis 17  +  ‐  ‐  ‐  ‐  vwk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 18  +  ‐  ‐  ‐  ‐  vwk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 19  ‐  +  wk  ‐  ‐  +  ‐  +  ‐  na  na  na  surcose  E.faecalis* 
E. faecalis 20  +  ‐  ‐  ‐  ‐  vwk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 21  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis  
E. faecalis 22  +  +  ‐  ‐  ‐  vwk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 23  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar*  
E. faecalis 24  +  +  wk  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis* 
E. faecium 25  + 
+ 
‐  vwk  ‐  wk 
+  +  ‐  na  na  na 
raffinose 
and 
arabinose  E. dispar  
E. faecalis 26  ‐  +  ‐  ‐  ‐  ‐  ‐  +  ‐  na  na  na  none  E. durans  
E. faecalis 27  +  ‐  ‐  ‐  ‐  vwk  +  vwk  ‐  na  na  na  raffinose  E. dispar*  
E. faecalis 28  +  wk  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 29  +  wk  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 30  +  wk  ‐  ‐  ‐  wk  ‐  ‐  ‐  na  na  na  pyruvate   E. durans*  
E. faecalis 31  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar*  
E. faecalis 32  +  +  vwk  ‐  ‐  +  +  +  ‐  na  na  na  none  E.faecalis* 
E. faecalis 33  +  wk  ‐  ‐  ‐  vwk  +  ‐  ‐  na  na  na  raffinose  E. dispar*  
E. faecalis 34  +  wk  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 35  +  wk  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 36  +  wk  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 37  +  ‐  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 38  +  wk  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecium 39  +  ‐  +  vwk  vwk  ‐  +  +  +  +  +  na  none  E. casseliflavus 
E. faecalis 40  ‐  ‐  +  vwk  vwk  ‐  +  +  +  +  +  na  none  E. casseliflavus 
E. faecalis 41  +  ‐  +  vwk  ‐  +  +  +  +  na  na  na  ?  ? 
E. faecalis 43  +  ‐  ‐  ‐  ‐  +  +  ‐  ‐  na  na  na  raffinose  E. dispar  
E. faecalis 44  +  ‐  ‐  ‐  ‐  +  +  ‐  ‐  na  na  na  raffinose  E. dispar  
E. faecalis 45  +  +  wk  vwk  +  ‐  +  +  +  +  +  na  none  E. casseliflavus 
E. faecalis 57  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar * 
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E. faecalis 58  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar*  
E. faecalis 59  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar * 
E. faecalis 60  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar  
E. faecalis 65  +  +  ‐  ‐  ‐  wk  +  ‐  +  na  na  na  raffinose  E. dispar* 
E. faecalis 66  +  +  +  ‐  ‐  +  +  +  ‐  na  na  na  none  E. faecalis  
E. faecalis 67  + 
+ 
+  vwk  ‐  wk 
+  ‐  +  na  na  na 
raffinose 
and 
pyruvate 
E. flavescens*  
E. faecalis 68  ‐  +  +  vwk  ‐  +  +  +  +  na  na  na  ?  ? 
E. faecalis 69  +  ‐  ‐  ‐  ‐  ‐  +  ‐  ‐  na  na  na  none  E. hirae  
E. faecalis 70  +  wk  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 72  +  +  wk  ‐  ‐  +  +  +  ‐  na  na  na  none  E. faecalis* 
E. faecalis 73  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  na  na  na  none  E. durans  
E. faecalis 75  +  +  +  vwk  +  ‐  +  +  +  +  +  na  none  E. casseliflavus 
E. faecalis 77  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
E. faecalis 79  +  ‐  ‐  ‐  ‐  wk  +  ‐  ‐  na  na  na  raffinose  E. dispar* 
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Figure 5.1. S-N (Bottom to top) SØrsdal glacier to Shirokira Bay spanning S. Vestfold Hills. Sample sites for animal faeces and water samples indicated. The red X represents 
Davis station. 
X
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Figure 5.2. S-N (Bottom to top) Sion to Tryne Islands spanning Vestfold Hills. Sample sites for animal faeces and water samples indicated. The red X represents Davis 
station. 
X
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Figure 5.3. S-N (Bottom to top) Law Hut to Tryne Islands spanning N Vestfold Hills, N of Davis station. Sample sites for animal faeces and water samples indicated. 
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5.2 APPENDIX B: 
CDS ANTIBIOTIC RESISTANCE IMAGES AND VRE PCR GEL IMAGES 
 
Figure 5.4. Isolate 13; susceptible to all antibiotics. 
 
 
Figure 5.5. Isolate 22; susceptible to all antibiotics. 
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Figure 5.6. Isolate 44; low-level resistant to teicoplanin (TEC), susceptible to other antibiotics. 
 
 
Figure 5.7. Isolate 60; multi-drug resistant. 
This isolate was highly resistant to vancomycin (VA), teicoplanin (TEC) and ampicillin (AMP), but 
susceptible to gentamicin (CA) and streptomycin (S). 
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Figure 5.8. Isolate 67; multi-drug resistant. 
This isolate was highly resistant to vancomycin (VA), teicoplanin (TEC) and ampicillin (AMP), but 
susceptible to gentamicin (CA) and streptomycin (S). 
 
 
Figure 5.9. Isolate 75; multi-drug resistant. 
This isolate was highly resistant to vancomycin (VA), teicoplanin (TEC) and ampicillin (AMP), but 
susceptible to gentamicin (CA) and streptomycin (S). 
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Figure 5.10. Results of PCR using VanA gene primers. 
Negative result for negative (no DNA) controls and isolates. Positive controls show amplification. All 
59 Enterococcus isolates represented on above and below gels (Figure 5.11). 
 
 
Figure 5.11. Results of PCR using VanA gene primers (2). 
Negative result for negative (no DNA) control and isolates. Positive control shows amplification. This 
second gel was run to check results for isolates 67, 69, 70, 75 and 79. 
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Figure 5.12. Results of PCR using VanB gene primers. 
Negative result for negative (no DNA) controls and isolates. Positive controls show amplification. All 
59 Enterococcus isolates represented on above and below gels (Figure 5.13). 
 
 
Figure 5.13. Results of PCR using VanB gene primers (2). 
Negative result for negative (no DNA) control and isolates. Positive control shows amplification. This 
second gel was run to check results for isolates 67, 69, 70, 75 and 79. 
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Figure 5.14. Results of PCR using VanC1 gene primers. 
Negative result for negative (no DNA) controls and isolates. Positive controls show amplification. All 
59 Enterococcus isolates represented on above and below gels (Figure 5.15). 
 
 
Figure 5.15. Results of PCR using VanC1 gene primers. 
Negative result for negative (no DNA) control and isolates. Positive control shows amplification. This 
second gel was run to check results for isolates 67, 69, 70, 75 and 79. 
 
   123 
 
Figure 5.16. Results of PCR using VanC2/3 gene primers. 
Positive result for positive controls and six isolates (E. faecalis 22, 44, 45, 65, 67 and 68). Negative 
(no DNA) controls show no amplification. All 59 Enterococcus isolates represented on above and 
below gels (Figure 5.17). 
 
 
Figure 5.17. Results of PCR using VanC2/3 gene primers. 
Negative result for negative (no DNA) control and isolates. Positive control shows amplification. This 
second gel was run to check results for isolates 67, 69, 70, 75 and 79. 
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Figure 5.18. Results of Confirmation PCR using VanC2/3 gene primers. 
This second PCR was run to verify positive results from previous PCR (Figure 5.16). Lane order: 
Hyper Ladder 24, positive control, negative control, E. faecalis 22, 44, 65, 67 and 68. 
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5.3 APPENDIX C: 
MAJOR BLAST MATCHES FOR FOUR SEQUENCED ISOLATES 
Table 5.2. Major BLAST hits matching the NCBI database sequences and genomes 
   Sequences Matches by BLAST 
Isolate Plasmid or genomic feature Genomes 
E. faecalis 3 
Enterococcus faecalis V583 plasmid pTEF2 
Enterococcus faecalis V583 plasmid pTEF3 
Enterococcus faecalis 62 plasmid EF62pC 
Enterococcus faecalis pathogenicity island 
Enterococcus faecalis plasmid pTW9 
Enterococcus faecalis plasmid pAD1 asa1 gene for 
aggregation substance and ORF 1 
Citrobacter freundii 23S ribosomal RNA (rrl) gene 
Leuconostoc citreum KM20 plasmid pLCK1 
Lactococcus lactis subsp. cremoris UC509.9 plasmid 
pCIS6 
Enterococcus faecalis 62 plasmid EF62pA 
Enterococcus faecalis V583 
Enterococcus faecalis OG1RF 
Enterococcus faecalis D32 
Enterococcus faecalis 62 
Enterococcus faecalis str. Symbioflor 1 
Enterococcus sp. 7L76 
Enterococcus faecium Aus0004 
Klebsiella oxytoca KCTC 1686 
Lactococcus lactis subsp. cremoris A76 
Citrobacter rodentium ICC168 
E. faecalis 44 
Bacillus megaterium class II transposon tnpA, tnpR and 
iepA genes 
Enterococcus faecalis 62 plasmid EF62pA 
Enterococcus faecalis 62 plasmid EF62pB 
Enterococcus faecalis 62 plasmid EF62pC 
Enterococcus faecalis D32 plasmid EFD32pB 
Enterococcus faecalis pathogenicity island 
Enterococcus faecalis plasmid pCF10 
Enterococcus faecalis plasmid pLG2 transposase (pLG2-
0010) 
Enterococcus faecalis plasmid pMG2200 
Enterococcus faecalis plasmid pTW9 
Enterococcus faecalis plasmid pYI14 
Enterococcus faecalis str. Symbioflor 1 
Enterococcus faecalis strain E99 plasmid pBEE99 
Enterococcus faecalis V583 plasmid pTEF1 
Enterococcus faecalis V583 plasmid pTEF2 
Enterococcus faecalis V583 plasmid pTEF2 
Enterococcus faecium DO plasmid 3 
Enterococcus faecium NRRL B-2354 plasmid 
pNB2354_1 
Enterococcus sp. 7L76 
Staphylococcus aureus DNA, type IV SCCmec 
Staphylococcus aureus DNA, type IX (1C2) 
staphylococcal cassette chromosomes 
Staphylococcus aureus DNA, type X (1C1) 
staphylococcal cassette chromosome 
Staphylococcus aureus DNA, type-V staphylococcal 
cassette chromosome 
Staphylococcus aureus SCCmecWAMRSA40 composite 
island genomic sequence 
Staphylococcus epidermidis fibrinogen-binding protein 
SdrG (sdrG) gene 
Staphylococcus epidermidis plasmid SAP024A 
Staphylococcus epidermidis plasmid SAP025A 
Staphylococcus saprophyticus subsp. saprophyticus 
MS1146 plasmid pSSAP1 
Staphylococcus saprophyticus subsp. saprophyticus 
MS1146 plasmid pSSAP2 
Staphylococcus sp. 693-2 plasmid pLEW6932 
Staphylococcus warneri SG1 plasmid clone pvSw3 
Staphylococcus xylosus orfX region 
Carnobacterium maltaromaticum LMA28 
Enterococcus faecalis 62 
Enterococcus faecalis D32 
Enterococcus faecalis OG1RF 
Enterococcus faecalis V583 
Enterococcus faecium Aus0004 
Enterococcus faecium DO 
Staphylococcus aureus M1 
Staphylococcus aureus subsp. aureus 
USA300_TCH1516 
Staphylococcus epidermidis ATCC 12228 
Staphylococcus epidermidis RP62A 
Staphylococcus epidermidis strain SR1 
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E. faecalis 67 
 Enterococcus faecium NRRL B-2354 plasmid 
pNB2354_1  
Enterococcus faecalis 62 plasmid EF62pA 
Enterococcus faecalis D32 plasmid EFD32pB 
Enterococcus faecium NRRL B-2354 plasmid 
pNB2354_1 
Enterococcus faecalis plasmid pMG2200 DNA 
Enterococcus faecalis 62 plasmid EF62pC 
Enterococcus faecalis V583 plasmid pTEF1 
Enterococcus faecalis V583 plasmid pTEF2 
Listeria grayi DSM20601 plasmid pLGUG1 
Enterococcus faecium pVEF2 
Enterococcus faecium pVEF3 
Lactococcus lactis subsp. lactis strain IL594 plasmid 
pIL5 
Listeria monocytogenes serotype 1-2c str. SLCC2372 
plasmid pLM1-2cUG1 
Enterococcus faecalis plasmid pCF10 
Enterococcus faecalis plasmid pYI14 
Enterococcus faecalis plasmid pAD1 asa1 gene for 
aggregation substance 
Enterococcus faecium NRRL B-2354 plasmid 
pNB2354_1 
Enterococcus faecium strain 64/3xUW2774 plasmid 
pLG1 CtpA (pLG1-0263) 
Enterococcus faecalis pathogenicity island 
Enterococcus faecalis ABC-transporter EltA gene 
Enterococcus faecium strain EFM-1 plasmid pEFM-1 
Enterococcus casseliflavus strain F32 VanC4 
Enterococcus faecium DO plasmid 2 
Streptococcus pyogenes integrating conjugative element 
ICESp1116 
Enterococcus faecalis strain E99 plasmid pBEE99 
Enterococcus faecalis plasmid p703/5 RepA (repA) gene 
Enterococcus faecalis V583 strain V583 23S ribosomal 
RNA 
Enterococcus faecalis plasmid pAMalpha1 
 Enterococcus casseliflavus EC20 
Enterococcus faecalis V583 
Enterococcus faecalis str. Symbioflor 1 
Enterococcus faecalis OG1RF 
Enterococcus faecalis D32 
Enterococcus faecalis 62 
Enterococcus sp. 7L76 draft 
Enterococcus faecium Aus0004 
 
E. faecalis 75 
Enterobacter cloacae strain BB1092 plasmid pB1023 
Enterococcus faecalis 62 plasmid EF62pB 
Enterococcus faecalis 62 plasmid EF62pC 
Enterococcus faecalis D32 plasmid EFD32pB 
Enterococcus faecalis pathogenicity island 
Enterococcus faecalis plasmid pCF10 
Enterococcus faecalis plasmid pMG2200 
Enterococcus faecalis plasmid pTW9 
Enterococcus faecalis strain B9510 enterolysin A (entL) 
gene 
Enterococcus faecalis strain E99 plasmid pBEE99 
Enterococcus faecalis V583 plasmid pTEF1 
Enterococcus faecalis V583 plasmid pTEF2 
Enterococcus faecium DO plasmid 2 
Enterococcus faecalis strain NIPH 608/96 extracellular 
serine proteinase (sprE) 
gene, sprE-X allele 
Escherichia coli strain W635 insertion sequence ISEc36 
ORFB transposase ( tnpB) and ORFA transposase (tnpA) 
genes, complete cds; and regulatory protein (blaIMI-R), 
clavulanic-acid inhibited carbapenemase IMI-2 (blaIMI-
2), putative transposase (tnp), and putative mutator 
family transposase (tnp) genes 
Klebsiella pneumoniae plasmid pKP53IL 
Klebsiella pneumoniae strain 0773 plasmid pKpn114 
Klebsiella pneumoniae strain BB1088 plasmid pB1019 
Klebsiella pneumoniae subsp. pneumoniae KPX plasmid 
pKPX-1 
Enterococcus faecalis 62 
Enterococcus faecalis D32 
Enterococcus faecalis OG1RF 
Enterococcus faecalis str. Symbioflor 1 
Enterococcus faecalis V583 
Enterococcus faecium NRRL B-2354 
Enterococcus sp. 7L76 draft 
Raoultella ornithinolytica B6 
 
